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Electron-beam  litbography  is  used  for  mask  making,  and  offers  promise  for 
fabrication  of  high  density  integrated  circuits  since  it  does  not  have  the 
inherent  limitations  of  optical  lithography.  Investigations  were  conducted 
under  AFOSH  Grant  85-008M  to  obtain  a  better  understanding  of  e-beam  resist 
dissolution  with  a  direct  application  to  the  image  transfer  step  in  e-beam 
lithography.  Studies  were  performed  with  poly(methyl  methacrylate),  PMMA, 
which  is  a  commonly  used  electron  beam  resist.  The  studies  included  the 
monitoring  of  resist  swelling  and  dissolution  kinetics  using  in-situ 
ellipsometry ,  and  modeling  efforts  to  describe  the  basic  physics  of  resist 
dissolution. 


INTRODUCTION 


Investigations  were  performed  under  AFOSR  Grant  85-0084  to  study  the 
swelling  and  dissolution  behavior  of  electron  beam  resists.  These  studies 
concentrated  on  poly(methyl  methacrylate),  PMMA,  since  it  is  a  common  e-beam 
resist,  and  the  material  properties  of  this  polymer  have  been  extensively 
researched.  The  studies  included  monitoring  swelling  and  dissolution  of  PMMA 
films  using  in-situ  ellipsometry,  and  modeling  of  swelling  and  dissolution 
based  on  transport  and  polymer  physics.  This  report  summarizes  the 
accomplishments  to  date.  The  experimental  portions  of  the  work  are  presented 
first,  followed  by  the  theoretical  aspects  of  the  work. 

SWELLING  AND  DISSOLUTION  STUDIES 

Summary 

The  swelling  and  dissolution  of  thin  film  poly(methyl  methacrylate),  PMMA, 
in  methyl  isobutyl  ketone  (MIBK),  and  in  solvent/nonsolvent  mixtures  of 
MIBK/methanol  and  methyl  ethyl  ketone/isopropanol  have  been  investigated. 
Films  were  monitored  using  1ji  situ  ellipsometry.  Parametric  studies  of  the 
effects  of  molecular  weight,  molecular  weight  distribution,  softbake  quench 
rate,  solvent  size,  and  temperature  were  performed  with  MIBK.  These 
parameters  were  shown  to  have  a  significant  effect  on  dissolution.  The 
effects  of  solvent  composition  and  temperature  on  swelling  and  dissolution 
were  investigated  with  the  binary  solvents.  Ternary  diagrams  based  on 
Flory-Huggins  interaction  parameters  were  used  to  interpret  the 
thermodynamics  of  swelling  and  dissolution.  A  narrow  transition  region  (NTR) 
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where  the  developer  changed  from  a  swelling  to  dissolving  agent  with  a  small 
change  in  composition  or  temperature  was  observed. 

Background 

Few  systematic  studies  on  the  effect  of  molecular  weight  distribution 

(MWD),  softbake  cooling  rate,  sample  aging,  and  dissolution  temperature  on 

resist  development  have  been  reported.  The  MW  effect  on  PMMA  dissolution  has 

1-3 

been  investigated  previously  ,  but  these  studies  have  often  shown 

dissimilar  behavior  for  the  dissolution  rate  dependence  on  MW.  The  effect  of 

4-6 

MWD  on  sensitivity  and  contrast  has  been  reported  ,  but  no  direct  studies 

have  been  performed  to  compare  dissolution  rates  of  samples  with  different 

7 

MWD's.  It  has  been  reported  that  the  rate  at  which  thick  (1  mm)  samples  of 

PMMA  were  cooled  through  the  glass  transition  temperature  (T  )  affected  the 

g 

rate  of  methanol  absorption.  This  effect  is  believed  to  be  due  to  the 
'freezing-in'  of  excessive  free  volume  at  higher  cooling  rates.  The  more 
free  volume  present  in  a  polymer,  the  greater  the  solvent  penetration  rate. 
Polymers  are  also  known  to  undergo  volume  relaxation,  whereby  the  trapped-in 

g 

free  volume  decreases  and  approaches  its  equilibrium  state  with  time  . 

Resist  development  often  involves  the  use  of  binary  solvent  mixtures  which 

q 

consist  of  a  strong  solvent  and  a  moderating  nonsolvent  .  The  effects  these 
solvent/nonsolvent  developers  exert  on  the  swelling  and  dissolution  behavior 
of  resists  are  complex  and  their  interpretation  has  generally  been 
accomplished  by  noting  the  topographical  profiles  of  the  developed  images.  A 
systematic  situ  study  of  simultaneous  dissolution  and  swelling  of  resists 
in  solvent  mixtures  can  provide  insight  into  the  complex  mechanisms  of  the 


development  process. 


During  development,  solvent  penetration  and  resist  dissolution  are 
controlled  by  kinetic  and  thermodynamic  solvent/polymer  interactions.  In 
general,  solvent  mobility  is  primarily  related  to  its  molecular  size  whereas 
thermodynamic  compatibility  is  associated  with  the  strength  of  the 
interactions  between  structural  groups  of  both  polymer  and  solvent 
molecules.  An  approximate  measure  of  thermodynamic  compatibility  is  given  by 
the  solubility  parameter,  Another  measure  of  polymer-solvent 


compatibility  is  given  by  the  Flory-Huggins  interaction  parameter, X  where 


12 


the  subscripts  refer  to  pair  interactions  in  multi-component  systems 


Values  of  x^j  for  some  polymer-solvent  systems  can  either  be  found  in  the 
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literature  or  roughly  calculated  from  solubility  parameters  . 


Unfortunately,  tabulated  values  for  polymer  solubility  parameters  can  range 


widely  and  data  for  x^  are  somewhat  limited. 


Diffusion  in  glassy  polymers  is  often  characterized  by  a  sharp  front  which 

penetrates  at  a  constant  velocity.  This  non-Fickian  behavior,  termed  Case  II 
15 

diffusion  ,  is  controlled  by  polymer  relaxation.  For  nonsolvent 
penetration,  the  thickness  of  the  swollen  layer  behind  the  front  increases 
linearly  with  time.  In  the  case  of  strong  solvents,  the  gel  layer  rapidly 
dissolves  into  the  solvent  and  its  thickness  is  typically  not  detectable. 
Thus  with  strong  solvents,  Case  II  diffusion  gives  rise  to  a  constant 
dissolution  rate^.  These  two  limiting  cases  of  total  gel  conversion  in 
nonsolvent  mixtures  and  'immeasurable'  gel  formation  in  strong  solvents  are 
presented  to  Illustrate  the  extremes  in  expected  behavior. 


In  the  first  part  of  this  experimental  study,  dissolution  rates  of 
poly(methyl  methacrylate) ,PMMA,  in  methyl  isobutyl  ketone,  MIBK,  were 
investigated.  To  ascertain  the  effect  of  MW  on  dissolution  rate,  commercial 
MW  standards  of  known  dispersity  were  used.  After  softbaking,  samples  were 
cooled  at  different  rates  to  determine  the  effect  of  cooling  rate.  Then 
selected  samples  were  aged  at  room  temperature  and  at  60°C  to  determine  the 
effect  of  aging.  (All  data  presented  in  this  paper  are  for  unexposed  PMMA. ) 
Finally,  apparent  activation  energies  were  obtained  for  different  molecular 
weight  dispersity  and  softbake  cooling  rates  to  determine  how  these  factors 
affect  the  temperature  sensitivity  of  dissolution. 

For  the  second  part  of  this  study,  binary  systems  of  methyl  ethyl 
ketone(MEK)/methanol(MeOH)  and  MIBK/isopropanol(IpOH)  were  used.  Based  on 
solubility  parameters,  MEK  and  MIBK  are  solvents  for  PMMA,  whereas  the 
alcohols  are  nonsolvents.  The  effects  of  temperature  and  solvent/nonsolvent 
composition  on  dissolution  and  swelling  were  examined. 

Experimental 

Rate  Measurement 

17 

A  modified  version  of  the  psi-meter  described  earlier  was  used  for 

la  situ  monitoring  of  dissolution  and  swelling.  A  psi-meter  is  a 

single-element  rotating-polarizer  ellipsometer  in  which  an  incident  laser 

beam  is  polarization  modulated  and  the  intensity  fluctuation  of  the  reflected 

light  measured.  The  ratio  of  the  AC  and  DC  components  of  the  reflected 

1 8 

intensity  is  related  to  the  optical  parameter  psi  (4j)  by  AC/DC=-cos2^  .  To 
determine  film  thickness  as  a  function  of  time,  calculated  values  of  ^  or 


AC/DC  are  compared  to  experimental  data.  Theoretical  data  were  produced 
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using  an  ellipsometry  program  which  requires  input  of  the  laser  wavelength 
and  angle  of  incidence,  the  refractive  indices  of  the  substrate,  film,  and 
immersion  medium,  and  the  thicknesses  of  the  glassy  and  swollen  layers.  For 
this  study,  the  angle  of  incidence  was  75°  and  the  wavelength  was  632.8  nm 
(2mW  He-Ne  laser).  An  Abbe  refractometer  was  used  to  correlate  the  mixture 
refractive  index  with  the  composition  of  MEK/IpOH  and  MIBK/MeOH  binary 
developers.  Values  of  4*  ( or  equivilently  AC/DC)  were  collected  continuously 
during  dissolution  at  a  rate  of  one  point  per  second. 

Materials 

Commercial  PMMA  standards  of  known  MWD  (see  Table  1)  were  obtained  from 

Polysciences,  Inc.  PMMA  standards  were  dissolved  in  chlorobenzene  to  a 

concentration  of  approximately  8  volume  percent.  In  addition,  a  polydisperse 

(M  =180,000;  M  /M  =2.8)  PMMA  electron-beam  resist  (6  weight  percent  in 
q  w  n 

chlorobenzene)  wa3  obtained  from  KTI  Chemicals,  Inc.  The  molecular  weight 
distribution  of  the  KTI  resist  was  determined  by  gel  permeation  chromatogra- 

v.  20 

phy  . 

Procedures 

The  PMMA  solutions  were  spin-coated  onto  silicon  wafers  at  approximately 
1500-2000  RPM.  Samples  were  softbaked  at  160°C  for  one  hour  in  a  nitrogen 

purged,  convection  oven  and  then  cooled  gradually  inside  the  oven  or  quenched 

in  either  liquid  nitrogen  or  ambient.  The  cooling  rate  through  T  for  the 

& 

slowly  cooled  samples  was  approximated  as  0.8°C/min  by  monitoring  the  oven 

temperature.  Thickness  measurements  of  the  softbaked  films  were  made  with  a 


Sloan  Dektak  Profilometer,  an  Applied  Materials  AME-500  Manual  Ellipsometer, 

or  a  Nanometrics  Nanospec  AFT.  Typical  thicknesses  were  in  the  range 

0.65-1.2  ^m.  For  aging  studies,  one  wafer  for  each  of  the  cooling  rates  was 

2 

broken  into  pieces  with  approximate  areas  of  2  cm  .  Half  of  these  pieces 
were  placed  inside  a  nitrogen  purged,  light  filtered  glove  box  at  room 
temperature;  the  other  half  were  placed  inside  a  nitrogen  purged,  convection 
oven  maintained  at  60°C. 

Developer  solutions  were  circulated  through  an  optical  cell  at  about 
25  ml/min.  This  gave  an  inlet  velocity  of  80  cm/min  and  an  average  channel 
velocity  of  5.2  cm/min  based  on  the  inlet  tubing  and  cell  cross  sectional 
areas,  respectively.  Above  25  ml/min,  turbulence  resulted  which  caused 
significant  fluctuations  in  the  optical  signal.  Reducing  the  flow  rate  below 
25  ml/min  did  not  alter  the  dissolution  rates,  suggesting  external  mass 
transfer  limitations  to  be  relatively  unimportant  under  such  operating 
conditions.  The  cell  temperature  was  maintained  to  +0.1°C  with  a  Yellow 
Springs  Instrument  Co.,  Inc,  Model  72  Proportional  Temperature  Controller. 

Results  and  Discussion 


Dissolution  in  MIBK 

A  constant  dissolution  rate  and  a  negligible  surface  swollen  layer  were 
observed  for  all  MIBK  studies.  This  suggests,  as  discussed  earlier,  that 
penetration  occurred  by  Case  II  transport,  and  that  gel  dissolution  was  rapid 
relative  to  solvent  penetration. 


Figure  1  shows  the  effect  of  temperature  on  the 


dissolution  of  air  quenched,  monodisperse  (Mw/Mn<1.11)  PMMA.  The  apparent 
activation  energies,  E  ' s,  are  nearly  the  same  for  the  two  molecular  weights, 

A 

indicating  that  E  is  not  a  strong  function  of  molecular  weight  for 

monodisperse  PMMA.  The  average  value  of  27  kcal/mol  is  in  good  agreement 

with  the  value  of  24  kcal/mol  obtained  previously^.  These  relatively  high 

7 

activation  energies  are  indicative  of  Case  II  penetration  . 

The  effect  of  temperature  on  the  dissolution  of  polydisperse  KTI  PMMA 
resist  for  different  softbake  cooling  rates  is  presented  in  Figure  2.  The 
rather  high  E  of  43  kcal/mol  for  the  slowly  cooled  KTI  resist  indicates 

A 

strong  temperature  sensitivity  for  dissolution.  A  change  in  temperature  of 
only  1°C  in  the  vicinity  of  25°C  can  affect  the  dissolution  rate  by  over  25$. 
The  E&  of  a  slowly  cooled  KTI  resist  is  40$  greater  than  that  of  an  air 
quenched  KTI  resist  and  nearly  60$  greater  than  that  of  an  air  quenched, 
monodisperse  sample  (Fig  1).  This  wide  range  in  apparent  activation  energies 
due  to  different  cooling  rates  demonstrates  the  importance  of  sample  handling 
after  softbaking.  At  a  given  temperature,  the  dissolution  rate  is  highest 
for  the  sample  that  underwent  the  fastest  cooling  rate  (i.e.  liquid  nitrogen 
quench)  and  lowest  for  the  slowest  cooling  rate. 

Molecular  Weight  Effect.  Variation  of  dissolution  rate  with  molecular 
weight  can  be  described,  at  least  over  a  moderate  range,  by  the 
expression^’ ^ : 

Rd  =  k  M'A  [1] 

where:  Rd  =  dissolution  rate 
M  =  molecular  weight 
A.k  =  constants 


The  dissolution  rates  observed  in  this  study  are  plotted  as  a  function  of  Mfi 
and  for  mono-  and  polydisperse  PMMA  in  Figure  3.  The  data  are  consistent 
with  behavior  predicted  by  Eqn  1.  The  value  of  the  MW  exponent,  A,  is  0.98. 
Previous  authors^ have  observed  a  non-linear  log-log  dependence  on  MW, 
since  a  larger  MW  range  was  studied  than  in  this  work. 

Figure  3  also  shows  that  at  a  given  M^  or  My,  the  dissolution  rate  of  a 
polydisperse  sample  is  higher  than  that  of  a  monodisperse  sample.  This 
effect  is  believed  to  be  due  to  the  wider  MWD  of  polydisperse  samples. 
Shorter  chains  dissolve  at  a  faster  rate  than  longer  chains  according  to 
Eqn  1  and,  after  their  removal,  allow  facile  penetration  of  the  polymer  by 
solvent  which  improves  the  mobility  of  the  longer  chains.  This  effect 
enhances  the  overall  dissolution  rate  of  the  polydisperse  polymer  relative  to 
a  monodisperse  polymer  of  the  same  Mq. 

The  dissolution  of  air  quenched,  monodisperse  PMMA  was  carried  out  at 
several  temperatures  and  the  results  are  presented  in  Figure  4.  It  can  be 
seen  that  A  is  independent  of  temperature,  which  agrees  with  previous 
observations^’*^ . 

Figure  5  shows  the  effect  of  cooling  rate  on  A  for  monodisperse  PMMA 
samples.  If  a  resist  sample  is  slow  cooled  instead  of  air  quenched,  A  can  be 
increased  to  1.8.  Since  a  larger  A  gives  a  greater  difference  in  solubility 
rate  between  exposed  and  unexposed  regions  of  the  resist,  slowly  cooling  a 
resist  after  softbaking  may  enhance  the  contrast.  While  this  conclusion  is 
based  on  data  for  a  limited  molecular  weight  range,  it  suggests  greater 
attention  be  given  to  the  softbake  cooling  rate. 


Aging  Effect.  Figure  6  shows  the  aging  effect  on  the  dissolution  of 
polydisperse  KTI  resist  for  different  cooling  rates.  Samples  were  aged  at 
room  temperature  or  at  60°C  as  indicated.  There  was  no  apparent  change  in 
the  dissolution  rate  for  samples  aged  at  room  temperature  over  a  period  of 
100  hours.  Also,  samples  that  were  cooled  slowly  after  softbaking  showed  no 
significant  change  in  the  dissolution  rate  for  the  same  aging  period. 
However,  the  liquid  nitrogen  and  air  quenched  samples  which  were  aged  at  60°C 
showed  a  noticeable  decrease  in  the  dissolution  rate  after  the  first  24  hours 
and  a  gradual  decrease  thereafter.  These  observations  can  be  explained  in 
terms  of  changes  in  the  polymer  free  volume. 


The  greater  the  rate  at  which  a  polymer  is  cooled  through  T  ,  the  greater 

& 

the  amount  of  free  volume  'frozen-in*.  In  time,  the  polymer  chains  relax  and 

Q 

the  free  volume  fraction  decreases  toward  its  equilibrium  state  of  0.025  . 
For  samples  cooled  gradually  after  softbaking,  it  appears  the  polymer  has 
adequate  time  to  closely  establish  its  equilibrium  free  volume.  Hence,  aging 
these  samples  exerts  a  negligible  effect  on  their  dissolution  rate.  The 
liquid  nitrogen  and  air  quenched  samples  displayed  a  relaxation  effect  due  to 
aging  at  60°C  (Fig  6)  With  sufficient  time,  these  quenched  samples  would  be 
expected  to  approach  the  equilibrium  free  volume  and,  hence,  dissolve  at  a 
comparable  rate  to  slowly  cooled  ones.  The  samples  aged  at  room  temperature 
show  no  change  in  dissolution  rate,  but  the  relaxation  rate  is  probably  so 
slow  that  the  effect  on  dissolution  is  negligible.  With  sufficient  aging, 


these  samples  would  also  be  expected  to  show  a  decrease  in  dissolution  rate. 


Swelling  and  Dissolution  in  Solvent/Nonsolvent  Mixtures 


MEK/IdOH  -  Composition  Effect.  For  a  1.2  n-m  PMMA  film  immersed  in  40:60 

MEK/IpOH  at  24.8°C,  less  than  2 %  of  the  PMMA  dissolved.  However,  in  80:20 

MEK/IpOH  at  the  same  temperature,  the  sample  dissolved  in  about  four 
minutes.  The  dissolution  was  linear  with  negligible  gel  layer  formation. 
These  two  solvent  compositions  yield  two  distinctly  different  solubility 
regimes  -  pure  swelling  and  complete  dissolution.  The  transition  between 
these  regimes  was  observed  over  a  narrow  concentration  range.  For  MEK/IpOH 

at  24.8°C,  this  narrow  transition  range  (NTR)  occurred  from  45:55  to  50:50 
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MEK/IpOH.  Since  it  has  been  shown  that  polymer  solubility  decreases  with 
increasing  MW  and  decreasing  temperature,  the  width  and  position  of  this  NTR 
would  be  expected  to  be  functions  of  both  temperature  and  polymer  MW.  To 
illustrate  these  effects,  ternary  phase  diagrams  were  constructed  from 
polymer  phase  equilibria  theory  for  different  MW's  and  temperatures. 

Phase  Equilibria.  From  the  Flory  interaction  parameters  (X  )  and  the 

•  J 

molar  volumes  (v^  of  nonsolvent,  solvent  and  polymer,  a  binodal  curve  of  a 

ternary  phase  diagram  can  be  constructed  by  equating  the  chemical  potentials 

(M^)  in  both  phases  for  each  component  i.  Equations  for  n  in  terms  of  X 

12 

and  v^  are  available  .  Figure  7  is  a  ternary  phase  diagram  for  a 

nonsolvent(1 ),  solvent(2),  polymer(3)  system  for  X23=0,  xi2=X13=1' 

3  5 

v1=v  =100  cm  /mol  and  polymer  MW  =  2x10  .  The  selected  X..'s  are  approximate 

A  J 

values  for  the  IpOH/MEK/PMMA  system  calculated  from  solubility  parameters. 

The  chosen  MW  is  the  measured  M  of  the  KTI  resist. 

n 

In  Figure  7»  points  A  and  B  correspond  to  two  hypothetical  overall 
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compositions  representative  of  our  operating  conditions,  i.e.  polymer 

-5 

fractions  of  about  10  .  Point  A  lies  within  the  single  phase  region,  and 

hence,  the  resist  material  dissolves  completely  into  the  developer  solution 
(as  was  seen  for  80:20  MEK/IpOH).  Point  B  lies  within  the  two  phase  region. 

Although  not  discernible  in  Figure  7»  the  calculated  polymer  fraction  in  the 

-5 

polymer-poor  phase  is  much  less  than  10  .  Therefore,  this  phase  would 

consist  overwhelmingly  of  nonsolvent  and  solvent.  The  other  phase  in 
equilibrium  with  B  has  a  composition  represented  by  point  B*  (located  via  the 
tie  line).  This  implies  that  at  a  developer  composition  given  by  point  B, 
the  resist  would  not  dissolve  but,  instead,  would  absorb  solvent  and 
nonsolvent  from  the  developer  solution  until  the  equilibrium  swollen  gel 
composition  given  by  B'  is  reached.  When  the  developer  composition  lies  near 
the  binodal  curve,  complex  dissolution  behavior  is  expected.  Slight  changes 
in  MW,  composition,  or  temperature  could  effectively  shift  the  developer  from 
the  one  phase  to  the  two  phase  region,  or  vice  versa,,  giving  rise  to  the 
observed  NTR.  The  above  discussion  assumes  monodisperse  polymer.  For 
polydisperse  polymer,  a  family  of  binodal  curves  will  be  applicable,  and  the 
NTR  will  be  broadened. 

MEK/IdQH  -  Temperature  Effect.  KTI  resist  samples  were  immersed  in  50:50 
MEK/IpOH  at  24.8°C,  21.7°C  and  18.4°C.  At  24.8°C,  the  resist  dissolved 
completely.  At  21.7°C,  however,  15%  of  the  resist  was  found  to  be  insoluble 
and,  at  18.4°C,  as  much  as  65%  was  insoluble.  The  incomplete  dissolution  was 
most  likely  due  to  the  relatively  broad  MWD  of  the  KTI  resist  and  suggests 
that  the  resist  material  was  undergoing  MW  fractionation  due  to  the  relative 
solubilities  of  the  higher  and  lower  molecular  weight  polymer  chains.  For  a 
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solvent  with  marginal  dissolution  capabilities  (e.g.,  50:50  MEK/IpOH),  a 
decrease  in  dissolution  temperature  will  cause  a  greater  proportion  of  the 
higher  MW  chains  to  become  insoluble. 


The  AC/DC  data  for  the  lower  temperatures  indicated  that  initially  Case  II 
swelling  was  occurring,  and  partial  dissolution  followed.  Apparently,  in  the 
initial  stages  of  penetration,  diffusion  of  the  lower  MW  polymer  chains  is 
hindered  by  the  presence  of  the  insoluble  higher  MW  chains  so  relatively 
little  dissolution  can  occur  and  therefore,  swelling  becomes  the  primary 
effect  observed.  After  the  polymer  swells  to  a  sufficient  extent,  mobility 
of  the  shorter  chains  is  increased.  These  shorter  chains  can  then  migrate  to 
the  surface  and  diffuse  into  the  solvent. 

MIBK/MeOH  -  Composition  Effect.  Experiments  similar  to  those  described  for 
MEK/IpOH  were  performed  with  MIBK/MeOH.  At  24.8°C,  *10:60  MIBK/MeOH  showed 
virtually  no  dissolution,  whereas  75:25  MIBK/MeOH  dissolved  totally.  The  NTR 
occurred  between  40:60  and  50:50  MIBK/MeOH  which  is  similar  to  the  NTR  found 
for  MEK/IpOH. 

Summary  of  Kinetics.  Figure  8  summarizes  the  effect  of  solvent  composition 
on  the  penetration  and  dissolution  rates  of  PMMA  for  MEK/IpOH  and  MIBK/MeOH 
at  24.8°C.  For  MEK/IpOH  (Fig  8a),  the  penetration  rate  rises  gradually  from 
zero  at  100?  IpOH  to  about  70  nm/min  at  the  NTR.  Above  the  NTR  the 
penetration  rate  rises  more  rapidly  to  an  upper  limit  of  410  nm/min.  There 
is  essentially  no  dissolution  until  the  NTR  is  reached.  In  the  NTR, 
dissolution  rate  rises  rapidly  and  becomes  equal  to  the  penetration  rate. 
The  region  enclosed  by  these  two  curves  represents  the  solvent  composition 
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range  in  which  considerable  gel  growth  is  encountered. 

MIBK/MeOH  (Fig  8b)  displays  somewhat  different  kinetic  behavior.  The 
penetration  rate  of  the  nonsolvent  is  appreciable.  This  difference  is  due  to 
the  smaller  size  of  the  MeOH  molecule  relative  to  IpOH.  The  dissolution  and 
penetration  rates  reach  a  maximum  Just  above  NTR  and  decrease  above  about  75} 
MIBK  with  pure  solvent  (100}  MIBK)  actually  yielding  the  slowest  penetration 
rate.  Hence,  it  can  not  be  assumed  that  increasing  the  nonsolvent 
concentration  in  the  developer  solution  would  necessarily  reduce  the 
dissolution  rate.  Enhancement  of  penetration  rates  due  to  the  presence  of 
kinetically  mobile  species  has  been  observed  previously^. 


Summary  of  Thermodynamics.  The  effect  of  developer  composition  on 
thermodynamic  behavior  could  be  summarized  most  effectively  by  representing 
equilibrium  data  in  a  ternary  phase  diagram.  Unfortunately,  the  psi-meter  i3 
incapable  of  distinguishing  the  individual  concentrations  of  solvent  and 


nonsolvent  in  the  swollen  gel,  for  it  'sees'  only  their  combined  swelling 


effect.  However,  swelling  can  be  described  in  terms  of  the  gel  layer  polymer 

e 

fraction,  P  .  Alternately,  a  swelling  factor,  S,  can  be  defined  as  the  ratio 
of  gel  thickness  at  equilibrium  (h*)  to  initial  resist  thickness  (hQ). 
Assuming  the  volumes  of  polymer,  solvent  and  nonsolvent  are  ideally  additive 

i 

and  no  polymer  dissolves,  S  is  simply  the  reciprocal  of  P  . 


Figure  9  summarizes  the  effect  of  developer  composition  on  resist  swelling 
and  solubility  for  MEK/IpOH  and  MIBK/MeOH.  For  MEK/IpOH  (Fig  9a),  S  rises 


almost  linearly  from  a  value  of  one  (no  swelling)  at  100?  IpOH  to  about  three 
at  the  NTR.  Above  the  NTR,  S  =  0  since  all  the  polymer  dissolves  at 
equilibrium.  MIBK/MeOH  (Fig  9b)  shows  a  similar  trend  with  S  rising  from  1.4 
at  100?  MeOH  to  about  3  at  the  NTR.  Figure  9  suggests  that  for  a  given 
developer  composition  near  the  NTR  in  the  one  phase  region,  a  slight  decrease 
in  the  developer  strength,  decrease  in  temperature,  or  increase  in  resist  MW 
may  bring  about  sizable  swelling  of  the  resist.  In  addition,  S  reaches  its 
maximum  value  in  the  NTR,  indicating  that  when  this  region  is  crossed,  the 
effect  of  swelling  can  be  most  severe. 

Conclusions 

These  studies  have  demonstrated  the  usefulness  of  la  situ  ellipsometry  for 

monitoring  resist  swelling  and  dissolution.  They  have  also  shown  that 

softbake  cooling  rate  and  molecular  weight  dispersity  can  significantly 

affect  dissolution.  The  effective  activation  energy,  E  and  the  molecular 

weight  exponent,  A,  were  found  to  vary  by  as  much  as  85?  depending  on  the 

cooling  rate.  In  particular,  A  was  0.98  for  air  quenched  and  1.8  for  slowly 

cooled  monodisperse  polymer  samples.  Also,  aging  at  60°C  lowered  the 

dissolution  rates  of  rapidly  quenched  samples  by  about  25?.  PMMA  of  broad  MWD 

was  found  to  dissolve  at  a  faster  rate  than  monodisperse  samples  of  the  same 

M  . 
n 

A  thermodynamically  controlled  NTR  between  swelling  and  dissolution  regimes 
was  observed  with  MEK/IpOH  and  MIBK/MeOH  mixtures.  At  24.8°C,  the  transition 
occurred  near  50:50  solvent/nonsolvent  for  with  both  mixtures.  At  this 
composition,  a  decrease  in  temperature  reduced  the  amount  of  polymer 


dissolved.  Incomplete  dissolution  was  believed  to  be  due  to  fractionation 
which  yielded  an  insoluble  film  of  higher  MW  than  the  original  material. 
Usually,  a  period  of  initial  swelling  was  followed  by  partial  dissolution. 
This  induction  period  was  attributed  to  hindered  diffusion  of  the  soluble, 
shorter  polymer  chains  due  to  the  presence  of  insoluble,  longer  chains. 

Synergistic  effects  were  also  observed  with  MIBK/MeOH  mixtures.  For  the 
MEK/IPOH  system  the  penetration  rate  was  found  to  increase  with  increasing 
solvent  to  nonsolvent  ratios.  However,  for  MIBK/MeOH,  a  maximum  in 
penetration  rate  was  observed  for  an  intermediate  composition  of  about  75:25 
MIBK/MeOH.  This  effect  was  probably  due  to  the  ability  of  the  relatively 
small  MeOH  molecule  to  penetrate  and  'open-up'  the  polymer  network. 


The  experimental  work  summarized  here  led  to  the  submission  of  two  papers 
for  publication.  Copies  of  these  two  papers  are  included  in  the  appendix  of 
this  report. 


MODELING 


Summary 


Fundamental  models  were  developed  to  describe  the  swelling  and  dissolution 
of  thin  polymer  films.  These  models  account  for  solvent  penetration  by 
Fickian  and  Case  II  transport.  Chain  disentanglement  is  treated  using 
reptation  concepts.  To  date,  these  models  have  been  developed  and 
Implemented  on  an  IBM  3090  computer  for  numerical  solution.  Parametric 
simulations  are  currently  underway. 
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Background 


The  objective  of  the  theoretical  work  was  to  develop  models  for  swelling 
and  dissolution  of  thin  film  polymers  based  on  fundamental  transport 
equations  and  polymer  physics.  The  dissolution  process  consists  of  several 
basic  steps.  First,  the  solvent  molecules  must  penetrate  into  the  glassy 
matrix,  causing  local  swelling  and  increasing  the  mobility  of  the  polymer 
chains.  Once  the  glassy  matrix  is  converted  into  a  swollen,  somewhat  rubbery 
material,  which  will  be  referred  to  as  the  "gel*,  the  polymer  chains  can 
disentangle  from  the  other  chains.  If  disentanglement  occurs  very  slowly  or 
not  at  all,  then  only  swelling  of  the  film  will  be  observed.  The  freed 
chains  must  then  diffuse  into  the  bulk  solvent. 

A  fundamental  model  for  resist  dissolution  where  penetration  occurs  by 

22 

Fickian  diffusion  has  been  reported  .  The  surface  disentanglement  term  was 

set  equal  to  a  constant,  and  no  theoretical  expression  was  given  for  this 

rate.  Further,  solvent  penetration  in  many  glassy  polymers  occurs  by  Case  II 

transport,  so  a  dissolution  model  for  Case  II  penetration  is  needed.  It 

should  be  noted  that  a  single  model  to  span  both  penetration  modes  is  not 

feasible,  so  a  different  model  for  each  mode  is  necessary.  Several  models 

have  been  proposed  to  describe  Case  II  swelling  in  the  absence  of 

dissolution.  Some  of  these  approaches  have  modified  the  diffusivity  to  be 

23  24 

concentration,  stress,  or  time  dependent  ’  .  Two  significantly  different 

25 

approaches  have  also  been  reported.  One  of  these  is  based  on  the  viscous 
response  of  the  polymer  to  the  osmotic  pressure  developed  by  the  presence  of 
the  penetrating  solvent.  Activity  profiles  and  strain  of  the  polymer  due  to 
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the  viscous  response  are  solved  simultaneously.  The  second  model  is  based 
on  the  phenomenological  similarity  of  penetration  to  crazing  behavior.  The 
penetration  of  the  sharp  front  is  given  by  a  kinetic  expression  which  is 
proportional  to  the  difference  between  the  stress  level  in  the  film  and  the 
critical  stress  for  crazing.  The  diffusion  equation  is  solved  behind  the 
front  to  determine  the  solvent  concentration  profile.  Since  both  of  these 
models  were  developed  for  purely  swelling  cases,  neither  accounts  for 
dissolution. 

The  disentanglement  rate  of  polymer  chains  is  expected  to  depend  on  the 

molecular  weight  and  concentration  of  the  polymer.  This  aspect  of  the 

dissolution  process  has  not  been  fundamentally  addressed  in  the  literature. 

However,  the  physics  of  disentanglement  can  be  treated  in  terms  of  reptation 
27 

theory  ,  as  will  be  discussed  later.  The  rate  at  which  the  disentangled 
chains  are  transported  into  the  bulk  solvent  will  depend  on  the  diffusivity 
of  the  polymer  chains  in  solution,  and  the  solvent  flow  rate. 

The  contributions  of  this  work  are  the  inclusion  of  surface  disentanglement 

into  the  Fickian  and  Case  II  penetration  models,  and  a  formulation  of  the 

gel-solvent  interface  (GSI)  concentration  for  dissolution  based  on 

entanglement  energetics.  To  date,  the  models  have  been  developed  and 

Implemented  on  an  IBM  3090  computer,  but  parametric  simulations  are  not 

complete.  Thus,  the  development  of  the  equations  will  be  presented,  but 

28 

results  will  be  reported  later  . 


Fickian  Penetration 
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The  Fickian  model  described  here  is  equivalent  to  the  one  noted  earlier 

It  is  a  dimensional  model  that  has  one  moving  boundary,  the  GSI.  Figure  10a 

shows  the  coordinate  system.  The  frame  of  reference  is  fixed  with  respect  to 

the  laboratory.  The  local  mass  flux  of  solvent  in  the  polymer,  J  ,  is  given 

s 

by 

Js  =  -Ds(Cs)3Cs/8x  [3] 

where  D  is  diffusivity,  and  C  is  the  solvent  mass  concentration.  Now 
s  s 

c3.»sp  [1] 

where  w  is  the  mass  fraction  of  solvent  and  p  is  the  density  of  the 

mixture.  If  ideal  mixing  is  assumed,  then 

P=J<t>iPi  t5] 

where  4>  i  and  p  i  are  the  volume  fraction  and  density,  respectively,  of 
component  i.  Also,  for  the  binary  solvent( 1 )/polymer(2)  mixture, 

VS  =<V,*V2>e,Y<p,VP2V  [6) 

*  <Vl**2P2)<PlV/(plVP2+2)  ”p1*1 

Here  is  the  volume  of  component  i  in  some  control  volume.  Thus  the  flux 
can  be  written, 

Ja  =  -  D^jP^/ax 
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[7] 


A  "flux"  or  diffusive  velocity  can  then  be  expressed  as  (dropping  subscript), 

j«  =  -  D(4>)3<t>/3x  [8] 

s 

where  J'  equals  J  /p..  This  convention  is  convenient  since  the  problem  is 

S  SI 

one  dimensional,  and  since  experimentally  thickness  and  refractive  index 

changes  are  measured,  not  mass  uptake.  The  solvent  and  polymer  are  assumed 

to  be  incompressible,  and  since  mixing  is  assumed  to  be  ideal  (no  volume 

change),  the  local  swelling  velocity,  v,  is  given  by 

v=-J*  =  D(4>)3<j>/9x  [  9  3 

s 

Relative  to  a  stationary  observer,  the  conservation  equation  for  solvent  in 
the  polymer  film  is  given  by 

34>/9t  =-3(J*  ♦  <t>v)/ax=-3(-D(4>)34>/3x-Kj>D(<|>)3<f>/3x)/3x  [10] 

s 

Differentiating  and  using  the  chain  rule  for  9D/3x  gives 

34>/3t  =  (1-4>)D(4>)324>/3x2  +  (34>/3x)2[(1-4>)dD(4>)/d4>-D(4>)]  [11] 

Expressing  the  diffusivity  as  D=Dof($),  the  conservation  equation  can  be 
written  as, 

34>/3t=(1-4>)D  f(4>)32*/3x2+(3<i>/3x)2[(1-<t>)D  df/d<t>-D  f(4>)]  [12] 

O  0  0 

This  equation  can  be  made  dimensionless  by  introducing  the  dimensionless 
variables, 

T  r  D  t/A2  x  =  x/A 

o 

where  A  is  the  initial  film  thickness.  Although  $  is  already  dimensionless, 


one  could  also  define  a  reduced  $  relative  to  some  equilibrium  solvent 

« 

fraction,  4>  .  However,  4>  was  used  for  convenience.  Substituting  the 
dimensionless  quantities  yields 

84>/8T=(1-4>)f(4>)a24>/3X2f04)/ax)2[(1-4>)df/d4>-f(4>)]  [13] 


The  initial  condition  is  solvent  free  polymer  except  at  the  surface,  where 
the  immersed  sample  immediately  reaches  a  surface  concentration  corresponding 
to  the  appropriate  boundary  condition. 

4>(x,0)=0  0<x<1  [14] 


4>  (5=1 ,0)=  4>  swelling 

=4>^is  dissolution 


There  are  two  possible  values  for  the  GSI,  X=I1 .  For  pure  swelling,  the 
concentration  at  the  polymer  surface  is  given  by  the  equilibrium  solvent 
fraction, 


4>(x1  ,t)=4> 


[15] 


For  dissolution,  the  equilibrium  approach  is  not  applicable,  since  at 

equilibrium  only  one  phase  is  not  present.  However,  a  pseudo  equilibrium  can 

be  used  if  an  entanglement  energy  term  is  added  to  the  expression  for  the 

chemical  potential  of  the  solvent.  This  follows  previous  theories  for 
12 

polymer  networks  .  Since  the  chains  cannot  instantaneously  disentangle, 

there  will  be  a  restraining  force  against  additional  solvent  uptake.  The 
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derivations  will  be  reported  elsewhere  .  The  second  boundary  condition  is 


no  flux  at  the  substrate, 


The  movement  of  the  polymer-solvent  interface  is  given  by, 


d^/dT  =-(A/Dq)(  j's) 


=  (»/D0)» 

1 


[17] 


The  position  can  be  checked  for  consistency  by  summing  up  the  total  solvent 
in  the  film. 


Case  II  Penetration 

Our  description  of  Case  II  penetration  closely  follows  the  stress  driven 
26 

model  mentioned  earlier.  A  convective  term  due  to  local  swelling  is 
included.  The  solvent  concentration  in  the  glassy  region  ahead  of  the  sharp 
front  is  assumed  to  be  zero.  As  with  the  Fickian  model,  this  model  is  one 
dimensional,  but  now  two  moving  boundaries  must  be  followed,  the  gel-glass 
interface  (GGI)  and  the  GSI.  These  boundaries  are  shown  in  Figure  10b. 

The  kinetics  of  the  penetrating  front,  xsx^  (or  x=x2),  are  governed  by  the 
stress  level  according  to 

dx-/dt=v  s  K(a-<r  )  [18] 

c.  £  C 

v^  =  penetration  velocity 

k  =  front  factor  =  k  exp(-E  /RT) 

<t  =  total  stress 

0^  =  critical  stress  for  crazing  =  constant*(T^-T) 

The  total  stress  is  comprised  of  several  terms 

a  '  +  *  E)  +  o'  [19] 

eq  ds 


a  =  constant 


tr  =  equilibrium  osmotic  stress 
=  excess  stress 

<r^a  =  differential  swelling  stress 

The  constant,  a,  converts  isotropic  pressure  to  a  uniaxial  stress,  which  is 
more  consistent  with  crazing.  The  osmotic  stress  is  given  by  the 
Flory-Huggins  theory^2, 

it.  =  RT[4>-X<t>2-ln(1-4>)/X]/V,  [20] 

eq  1 

=  molar  volume  of  the  solvent 
X  =  Flory-Huggins  interaction  parameter 
T  =  temperature 
R  =  gas  constant 

I  =  v2/v, 

The  solvent  fraction  in  Eqn  20  is  that  at  the  GGI.  The  residual  stress  is 
due  to  non-equilibrium  in  the  film  prior  to  immersion  in  the  solvent.  This 
results  from  incomplete  annealing  and/or  rapid  quenching  of  the  film.  The 
differential  swelling  stress  is  due  to  the  mismatch  of  the  swollen  region  on 
top  of  the  unswollen  glassy  polymer.  The  swollen  layer  pulls  on  the  rigid 
glass,  and  the  glass  in  turn  constrains  the  swollen  gel.  Thus  the  glass  is 
in  tension  and  the  gel  is  in  compression.  The  differential  swelling  stress 
is  a  function  of  time.  It  depends  on  the  degree  of  swelling,  relaxation  time 
of  the  swollen  polymer  and  the  thickness  of  the  glass.  Stress  relaxation  in 
the  swollen  region  can  be  modeled  by  a  Maxwell  type  equation.  The  tension 
arising  from  differential  swelling  stress  effectively  opens  up  the  glassy 
matrix  and  facilitates  solvent  penetration.  For  the  initial  studies,  only 
the  osmotic  stress  term  is  being  considered. 

Behind  the  penetrating  front,  the  Fickian  diffusion  equation, 
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a <t>/ar  =  ( 1  -4> ) f  ( 4> ) 3 *4>/dx  * (34>/3x )'  [  ( 1  - <j>) d f /d«t>- f  ( <t> )  ] 


[13] 


is  solved.  The  initial  condition  is  also  the  same  as  the  Fickian  model  - 
solvent  free  polymer  except  at  the  polymer  surface.  The  boundary  condition 
at  the  GSI,  a  fixed  concentration  set  by  equilibrium  or  entanglement  modified 
equilibrium,  is  also  identical  to  the  Fickian  model.  The  other  boundary 
condition  differs,  however.  At  the  GGI,  the  convective  flux  due  to 
penetration  must  be  matched  by  the  diffusion  flux  in  the  gel  at  the 
interface.  The  boundary  condition  here  is, 

a*/ax  =  (a/d  )v4>/( (i— 4>)r(4>))  =  04>/ax)<t>/( (i-4>)rc«t>) )  [21] 

o 

Also,  while  the  diffusion  equation  is  solved  in  the  entire  polymer  for  the 
Fickian  case,  it  is  solved  only  in  the  penetrated  region  of  the  polymer  in 
the  Case  II  situation. 


Surface  Disentanglement 

Once  penetrated,  the  polymer  chains  will  disentangle  if  the  solvent  is 

thermodynamically  favorable.  The  dissolution  rate  will  be  dependent  on  how 
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rapidly  the  chains  can  disentangle.  A  model  has  been  developed  for  the 
dynamics  of  entangled  polymer  chains,  which  is  referred  to  as  reptation 
theory.  Our  approach  is  to  apply  reptation  theory  to  predict  how 

disentanglement  rate  scales  with  polymer  molecular  weight  and  concentration. 

As  a  starting  point,  the  disentanglement  rate  is  proportional  to  some 

characteristic  length  divided  by  a  characteristic  time.  The  thickness  of  a 

monolayer  was  chosen  as  the  characteristic  length,  and  the  reptation  time 


constant  was  chosen  as  the  characteristic  time.  The  monolayer  thickness  can 


be  approximated  by  the  radius  of  gyration  of  the  polymer  molecule.  Thus,  the 
disentanglement  rate  will  be  proportional  to, 
rate  -  radius  of  gyration 
reptation  time 

It  can  be  shown  that  this  ratio  -eada  to  tr.e  fc» -owing  form  for  the 
disentanglement  rate, 

rate  =  K/CM2-5, 1-5, 1-625  [21] 

where  K  is  a  constant  that  must  be  derived  empirically.  The  molecular  weight 
exponent  can  be  tested  experimentally  by  looking  at  monodisperse  dissolution 
for  disentanglement  limited  cases.  To  include  dissolution,  the  GSI  movement 
equation,  Eqn  17,  which  applies  for  both  Fickian  and  Case  II  penetration,  is 
modified  to 

dx/dr  =  -34>/3x  -  R  [22] 

where  R  is  the  dimensionless  dissolution  velocity.  For  pure  swelling  the 
surface  attrition  term,  R,  is  set  to  zero. 

Solution  Techniques 

The  differential  equations  are  solved  using  a  Crank-Nicholson  implicit 

finite  difference  technique.  The  one  dimensional  geometry  gives  a 

tridiagonal  matrix,  which  simplifies  the  computations.  Matrix  elements  for 

the  bulk  of  the  film  are  straightforward,  but  points  near  the  moving 

boundaries  require  special  attention.  In  brief,  the  interface  locations  are 
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tracked  using  front-following  techniques  .  A  fixed  grid  is  used,  so  often 


the  interfaces  are  between  grid  points.  Modified  expressions  for  the 

derivative  approximations  are  applied  in  the  vicinity  of  the  interface.  To 

make  the  problem  tractable,  the  conservation  and  interface  movement  equations 

were  linearized.  The  details  of  these  derivative  approximations  and 
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linearizations  will  be  given  elsewhere 
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Figure  1.  Arrhenius  plot  for  the  disso¬ 
lution  of  ambient-quenched  monodlsperse 
(Mu/Hn  <1.11)  PMMA  in  HIBK. 
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Figure  2.  Arrhenius  plot  for  the  dlsso 
lution  of  polydisperse  KTI  PMMA  resist 
for  different  aoftbake  cooling  rates. 
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Figure  3.  Effect  of  molecular  weight 
and  dlspersity  on  the  dissolution  rate 
of  ambient  quenched  PMMA  In  MIBK  at 
2«.8®C. 
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Figure  A.  Dissolution  rates  of  ambient 
quenched,  monodlsperse  PMMA  in  MIBK  at 
different  temperatures. 
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Figure  5.  The  effect  of  softbake  cooling 
rate  on  the  molecular  weight  exponent,  A, 
for  monodiaperae  PMMA  in  MIBK  at  24.8°C. 


Figure  6.  Aging  effect  on  the  disao- 
lution  rate  of  polydiaperae  KTI  PMMA 
reaiat  at  24.8°C  for  aanplea  aged 
at  room  temperature  (o)  and  at  60°C  (*) 
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Figure  7'  Ternary  phase  diagram  for  a 
nonsolvent( 1 ) ,  aolvent(2),  polymer(3) 
syatem  taking  x3,*0  and  x15*X,,=1.0; 

MW  =  200,000.  °  13 
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VOLUME  PERCENT  MIBK 


Figure  8.  Penetration  and  dissolution 
rates  of  PUMA  as  function  of  solvent 
composition  at  24.8  C  for 
a)  MEK/IpOH  and  b)  MIBK/MeOH. 


Figure  9.  Swell  factor  (S)  as  a  function 
of  solvent  composition  at  2«.8°C  for 
a)  MEK/IpOH  and  b)  MIBK/MeOH.  S  is  the 
ratio  of  the  gel  thickness  at  equlllbium 
to  the  inital  PMMA  thickness  (1.2  hb). 
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Figure  10.  Coordinate  system  and  interface  positions  for 
a)  Fickian  penetration  and  b)  Case  II  penetration. 
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Influence  of  Processing  and  Molecular  Parameters  on  the  Dissolution 
Hate  of  Poly-(Methyl  Methacrylate)  Thin  Films 

J.  Manjkow,  J.S.  Papanu,  D.W.  Hess,  D.S.  Soong,  and  A.T.  Bell 
Department  of  Chemical  Engineering 
University  of  California 
Berkeley,  California  94720 


ABSTRACT 

The  influence  of  processing  and  molecular  parameters  on  the 
dissolution  rate  of  poly-(methyl  methacrylate),  PMMA,  thin  films  (<1|im)  in 
methyl  isobutyl  ketone,  MXBK,  was  studied  In  situ  with  a  single-element 
rotating-polarlzer  ellipsometer  (psi-meter).  Dissolution  rates  were  highly 
sensitive  to  the  molecular  weight  distribution,  softbake  cooling  cycle  and 
dissolution  temperature.  The  apparent  activation  energy  for  the 
dissolution  pf  PMMA  in  MIBK  varied  from  25  kcal/mol  to  43  kcal/mol 
depending  upon  softbake  cooling  rates  and  molecular  weight  distribution. 
The  dissolution  rate  of  air  quenched,  monodlsperse  (Mw/Mn<1.11)  PMMA 
samples  was  found  to  vary  with  the  molecular  weight  to  the  -0.98  power. 
For  slowly  cooled  samples  this  constant  was  85$  higher,  suggesting  improved 
contrast  with  slow  cooling.  Polydisperse  samples  (M^/Mg-2)  dissolved  about 


twice  as  fast  as  monodlsperse  ones  of  the  sane  number  average  molecular 
weight.  Saaples  slowly  cooled  after  softbalcing  and  aged  for  100  hours  at 
room  temperature  or  at  60°C  showed  no  change  In  the  dissolution  rate  with 
aging.  However,  the  dissolution  rate  of  samples  cooled  rapidly  after 
softhaking  and  aged  at  60°C  decreased  by  as  much  as  25 f. 


The  dissolution  of  resist  materials  in  a  developer  solution  is  a 
critical  step  in  integrated  circuit  (IC)  fabrication.  Further,  this  step 
assumes  greater  importance  as  pattern  size  decreases  and  circuit  density 
increases  [1].  Nevertheless,  few  systematic  studies  on  the  effect  of 
molecular  weight  distribution(MWL),  softbake  cooling  rate,  sample  aging, 
and  dissolution  temperature  on  developed  resist  image  have  been 
reported. 

The  basis  for  lithographic  image  formation  in  IC  fabrication  is  the 
relative  dissolution  rates  of  exposed  and  unexposed  regions  of  the 
resist.  For  single-component  resists,  the  dissolution  rates  in  these 
regions  differ  because  the  molecular  weight (MW)  in  the  exposed  regions 
has  been  altered  by  the  radiation.  With  positive  electron-beam  resists, 
MW  decreases  upon  exposure,  thus  enhancing  solubility  in  the  developer, 
whereas  with  negative  resists  MW  increases,  lowering  solubility.  The  MW 
effect  on  PMMA  dissolution  has  been  investigated  previously  [2, 3, 4, 5], 
but  these  studies  have  often  shown  dissimilar  behavior  for  the 
dissolution  rate  dependence  on  MW.  The  effect  of  MWD  on  sensitivity  and 
contrast  has  been  reported  [6,7,8],  but  no  direct  studies  have  been 
performed  to  compare  dissolution  rates  of  samples  with  different  MWD's. 

The  effect  of  post-softbake  cooling  rate  on  resist  dissolution  is 


often  overlooked  in  IC  fabrication  processes.  It  has  been  reported  [9] 

that  the  rate  at  which  thick  (1  mm)  samples  of  PMMA  were  cooled  through 

the  glass  transition  temperature  (T  )  affected  the  rate  of  methanol 

£ 

absorption.  This  effect  is  believed  to  be  due  to  the  'freezing-in'  of 
excessive  free  volume  at  higher  cooling  rates.  The  more  free  volume 
present  in  a  polymer,  the  greater  the  penetration  rate.  Polymers  are 
also  known  to  undergo  volume  relaxation,  whereby  the  trapped-in  free 
volume  decreases  and  approaches  its  equilibrium  state  with  time  [10,11]. 
This  relaxation  process  can  have  important  implications  for  resist 
dissolution,  since  the  behavior  of  the  resist  may  change  as  it  ages. 

In  the  present  study,  dissolution  rates  of  PMMA  in  methyl  isobutyl 
ketone,  MIBK,  were  investigated  in  situ  using  a  psi-meter  [12,13],  To 
ascertain  the  effect  of  MW  on  the  dissolution  rate  of  PMMA,  commercial  MW 
standards  of  known  dispersity,  including  several  monodisperse  samples, 
were  used.  All  data  presented  in  this  paper  are  for  unexposed  PMMA. 
After  softbaking,  samples  were  cooled  at  different  rates  to  determine  the 
effect  of  cooling  rate  on  film  dissolution.  Since  aging  allows  volume 
relaxation  in  polymeric  materials,  samples  prepared  at  different  cooling 

rates  were  aged  at  room  temperature(S25°C)  and  at  60°C  to  determine  the 
effect  of  post-cool  aging  on  dissolution.  Finally,  apparent  activation 
energies  were  obtained  for  different  molecular  weight  dispersity  and 
softbake  cooling  rates  to  determine  how  these  factors  affect  the 
temperature  sensitivity  of  dissolution. 


Materials 


Commercial  PMMA  standards  of  known  MWD  were  obtained  from 

Polysciences,  Inc.  Sample  characteristics  (M  and  M  /M  )  are  shown  in 

n  w  n 

Table  1 .  PMMA  standards  were  dissolved  in  chlorobenzene  to  a 
concentration  of  approximately  8  volume  percent.  In  addition,  a 
polydisperse  (Mq=180,000;  Mw/Mq=2.8)  PMMA  electron-beam  resist  (6  weight 

percent  in  chlorobenzene)  was  obtained  from  KTI  Chemicals,  Inc.  The 
molecular  weight  distribution  of  the  KTI  resist  was  determined  by  gel 
permeation  chromatography  [14]. 


Procedures 


The  PMMA  solutions  were  spin-coated  onto  silicon  wafers  at 


approximately  2000  RPM.  Samples  were  softbaked  at  160°C  for  one  hour  in 
a  nitrogen  purged,  convection  oven  and  then  either  cooled  gradually 
inside  the  oven  or  quenched  in  either  liquid  nitrogen  or  in  ambient.  The 


cooling  rate  through  T  for  the  slowly  cooled  samples  was  approximated  as 

8 


0.8  C/min  by  monitoring  the  oven  temperature.  Thickness  measurements  of 


these  softbaked  films  were  made  with  a  Sloan  Dektak  Profilometer  and 
confirmed  with  an  Applied  Materials  AME-500  Manual  Ellipsometer.  The 
average  thickness  was  0.65  p.m. 

For  aging  studies,  one  wafer  for  each  of  the  cooling  rates  was 

2 

broken  into  approximately  2  cm  pieces.  Half  of  these  pieces  were  placed 
inside  a  nitrogen  purged,  light  filtered  glove  box  at  room  temperature; 
the  other  half  inside  a  nitrogen  purged,  convection  oven  maintained  at 

60°C.  Dissolution  took  place  in  an  optical  cell  [15]  through  which  MIBK 
was  circulated  at  about  25  ml/min.  The  cell  temperature  was  controlled 

to  within  +0.1°C  with  a  Yellow  Springs  Instrument  Co.,  Inc,  Model  72 
Proportional  Temperature  Controller. 

Rate  Measurement 

In  our  studies,  a  modified  version  [15]  of  the  psi-meter  described 
earlier  [12]  was  used  for  la  situ  monitoring  of  dissolution.  A  psi-meter 
is  a  single-element  rotating-polarizer  ellipsometer  in  which  an  incident 
laser  beam  is  polarization  modulated  and  the  intensity  fluctuation  of  the 
reflected  light  measured.  The  ratio  of  the  AC  and  DC  components  of  the 
reflected  intensity  is  related  to  the  optical  parameter  psi  (4)  by 
AC/DC=-cos2  4*  M3] .  To  determine  film  thickness  as  a  function  of  time, 
calculated  values  of  41  or  AC/DC  are  compared  to  experimental  data.  This 
was  produced  using  an  ellipsometry  program  [16]  which  gives  theoretical 
values  of  4  versus  thickness  when  the  wavelength,  angle  of  incidence,  and 


refractive  indices  of  the  substrate,  film,  and  immersion  medium  are 


known.  For  this  study,  the  angle  of  incidence  was  75°  and  the  wavelength 
was  632.8  nm.  Values  of  4*  (or  equivalently  AC/DC)  were  collected 
continuously  during  dissolution  at  a  rate  of  one  point  per  second  so  that 
film  thickness  variation  could  be  followed  easily. 
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Figure  la  shows  the  AC/DC  signal  as  a  function  of  time  for  a  typical 
dissolution  run.  Figure  1b  shows  calculated  AC/DC  versus  film  thickness 
for  PMMA  on  a  silicon  substrate  immersed  in  MIBK.  Since  the  initial 


thickness  is  measured  prior  to  a  run,  the  starting  point  is  known,  and 
the  time-dependent  thickness  can  be  followed.  The  oscillatory  time 
dependence  of  AC/DC  is  indicative  of  a  constant  dissolution  rate  with 
minimal  surface  swelling.  This  linear  time  dependence,  common  for  glassy 
polymers,  results  from  a  relaxation  controlled  process  known  as  Case  II 
transport  [9,17]. 

In  order  to  rationalize  the  linear  behavior,  both  steps  of  the 
dissolution  process  must  be  considered.  First,  solvent  must  penetrate 
the  glassy  polymer  matrix  which  results  in  local  swelling  and  converts 
the  glass  into  a  swollen  gel.  Then  the  polymer  chains,  which  are  more 
mobile  due  to  the  presence  of  solvent,  disentangle  from  the  surface  of 
the  swollen  polymer  and  diffuse  into  the  bulk  solvent.  If  the 
penetration  occurs  by  Case  II  transport,  and  disentanglement  is  rapid 
relative  to  penetration,  then  a  constant  dissolution  rate  with  limited 
surface  swelling  i3  expected. 

A  constant  dissolution  rate  was  observed  for  all  PMMA/MIBK 
dissolution  experiments  discussed  in  this  paper.  A  forthcoming  companion 
article  will  address  the  effects  of  solvent/nonsolvent  composition  on 
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PMMA  film  dissolution  [18] . 


Temperature  Effect 


Dissolution  of  polymers  is  often  viewed  as  an  activated  process 


following  an  Arrhenius-type  rate  expression  [5,19]: 


R .  =  k  exp(-E  /RT) 
d  a 


where:  R,  =  dissolution  rate 
d 

Ea  =  effective  activation  energy 

T  =  absolute  temperature 
R  s  gas  constant 
k  =  constant 


Often,  no  single  activation  energy  can  adequately  describe  the 
dissolution  process;  thus,  deviations  from  the  behavior  predicted  by 
Eqn  1  have  been  observed  [20].  If  these  deviations  are  not  large,  Eqn  1 
is  applicable  over  a  moderate  temperature  range.  Further,  when  the 
temperature  range  selected  corresponds  to  typical  operating  temperatures 
used  in  IC  development  processes,  then  Eqn  1  can  be  useful  for  predictive 
purposes. 


Figure  2  shows  the  effect  of  temperature  on  the  dissolution  of  air 
quenched,  monodisperse  (Mw/Mq<1.11)  PMMA.  The  apparent  activation 

energies  are  nearly  the  same  for  the  two  molecular  weights,  indicating 
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that  E  is  not  a  strong  function  of  molecular  weight  for  monodisperse 

PMMA.  The  average  value  of  27  kcal/mol  is  in  good  agreement  with  the 
value  of  24  kcal/mol  obtained  previously  [5].  These  relatively  high 
activation  energies  are  indicative  of  Case  II  penetrat:  jn  [9]. 

The  effect  of  temperature  on  the  dissolution  of  polydisperse  KTI 
PMMA  resist  for  different  softbake  cooling  rates  is  presented  in 
Figure  3-  The  rather  high  E  of  43  kcal/mol  for  the  slowly  cooled  KTI 

PMMA  resist  indicates  strong  temperature  sensitivity  for  the  dissolution 

process.  A  change  in  dissolution  temperature  of  only  1°C  in  the  vicinity 

of  25°C  can  affect  the  dissolution  rate  by  over  25$.  The  E  of  a  slowly 

cooled  KTI  resist  is  40$  greater  than  that  of  an  air  quenched  KTI  resist 
and  nearly  60$  greater  than  that  of  an  air  quenched,  monodisperse  sample 
(Fig  2).  This  wide  range  in  apparent  activation  energies  due  to 
different  cooling  rates  demonstrates  the  importance  of  sample  handling 
after  softbaking.  A  correlation  exists  between  the  rate  at  which  a 
resist  is  cooled  and  its  subsequent  dissolution  rate.  At  a  given 
temperature,  the  dissolution  rate  is  highest  for  the  sample  having 
undergone  the  fastest  cooling  rate  (i.e.  liquid  nitrogen  quench)  and 
lowest  for  the  slowest  cooling  rate. 


Molecular  Weight  Effect 


The  dissolution  rates  of  polystyrene  in  a  number  of  solvents  were 
found  to  vary  with  molecular  weight  according  to  the  following 
expression  [21]: 


where:  R.  s  dissolution  rate 
d 

M  =  molecular  weight 
A,lc  =  constants 


This  relation  was  found  to  hold  for  molecular  weights  between  1000  and 
350,000.  Below  this  range,  the  dissolution  rate  was  slightly  greater  than 
predicted  by  Eqn  2.  Above  a  molecular  weight  of  350,000,  the  dissolution 
rate  dropped  off  sharply.  This  effect  was  thought  to  be  caused  by  the 
greater  chain  entanglement  at  higher  molecular  weights. 


The  observed  dissolution  rates  are  plotted  as  a  function  of  the 

number  and  weight  average  molecular  weights  of  mono-  and  polydisperse 

PMMA  in  Figure  4.  (See  Table  1  for  values  of  M  and  M  /M  ).  For 

n  w  n 

monodisperse  samples,  a  linear  dependence  exists  in  this  log-log  plot  of 
dissolution  rate  versus  MW,  consistent  with  the  behavior  predicted  by 
Eqn  2.  The  value  of  the  MW  exponent,  A,  was  found  to  be  0.98.  Previous 


* 
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authors  [2,5]  have  observed  a  non-linear  log-log  dependence  on  MW,  since 
a  larger  MW  range  was  studied  than  in  this  work. 

It  can  also  be  seen  from  Figure  4  that  at  a  given  Mq  or  M^,  the 

dissolution  rate  of  a  polydisperse  sample  is  higher  than  that  of  a 

monodisperse  sample.  This  effect  is  believed  to  be  due  to  the  wider  MWD 

of  polydisperse  samples.  Shorter  chains  dissolve  at  a  faster  rate  than 

longer  chains  according  to  Eqn  2  and,  after  their  removal,  allow  facile 

penetration  of  the  polymer  by  solvent  which  improves  the  mobility  of  the 

longer  chains.  This  effect  enhances  the  overall  dissolution  rate  of  the 

polydisperse  polymer  relative  to  a  monodisperse  polymer  of  the  same  M  . 

n 

The  dissolution  of  air  quenched,  monodisperse  PMMA  was  carried  out 
at  several  temperatures  and  the  results  are  presented  in  Figure  5.  It 
can  be  seen  that  A  is  independent  of  temperature.  This  effect  has  been 
observed  previously  [5,21]. 

Figure  6  shows  the  effect  of  cooling  rate  on  A  for  monodisperse  PMMA 
samples.  If  a  resist  sample  is  slow  cooled,  instead  of  air  quenched,  A 
can  be  increased  to  1.8.  It  is  desirable  to  have  A  as  large  as  possible 
in  order  to  obtain  high  contrast  lithography  [5].  This  higher  contrast 
is  due  to  a  greater  difference  in  solubility  rate  between  exposed  and 
unexposed  regions  of  the  resist  for  larger  A  (Eqn  2).  Thus,  slowly 
cooling  a  resist  after  softbaking  may  enhance  the  contrast.  While  this 
conclusion  is  based  on  data  for  a  limited  molecular  weight  range,  it 
suggests  greater  attention  be  given  to  the  softbake  cooling  rate. 


Aging  Effect 


Figure  7  shows  the  aging  effect  on  the  dissolution  of  polydisperse 
KTI  resist  for  different  cooling  rates.  Samples  were  aged  at  room 

temperature  or  at  60°C  as  indicated.  There  was  no  apparent  change  in  the 
dissolution  rate  for  samples  aged  at  room  temperature  over  a  period  of 
100  hours.  Also,  samples  that  were  cooled  slowly  after  softbaking  showed 
no  significant  change  in  the  dissolution  rate  for  the  same  aging  period. 
However,  the  liquid  nitrogen  and  air  quenched  samples  which  were  aged  at 

60°C  showed  a  noticeable  decrease  in  the  dissolution  rate  after  the  first 
24  hours  and  a  gradual  decrease  thereafter.  These  observations  can  be 
explained  in  terms  of  changes  in  the  free  volume  of  the  polymer. 

The  rate  at  which  a  polymer  is  cooled  through  T  will  determine  the 

6 

amount  of  free  volume  ’frozen-in';  the  greater  the  rate,  the  greater  the 
free  volume.  In  time,  the  polymer  chains  relax  and  the  free  volume 
fraction  decreases  toward  its  equilibrium  state  of  0.025  [10,11].  For 
samples  cooled  gradually  after  softbaking,  it  appears  the  polymer  has 
adequate  time  to  closely  establish  its  equilibrium  free  volume,  and 
relaxation,  if  any,  occurs  extremely  slowly  and  insignificantly  as  to 
evade  detection.  Hence,  aging  these  samples  at  room  temperature  or  at 

60°C  exerts  a  negligible  effect  on  their  dissolution  rate. 


-  11  - 


«  ■  II  ■  I  ■  II  ■  I  I 


Unlike  the  slowly  cooled  samples,  the  liquid  nitrogen  and  air 

quenched  samples  displayed  a  relaxation  effect  due  to  aging  at  60°C 
(Fig  7)  With  sufficient  time,  these  quenched  samples  would  be  expected  to 
approach  the  equilibrium  free  volume  and,  hence,  dissolve  at  a  comparable 
rate  to  slowly  cooled  ones.  The  samples  aged  at  room  temperature  show  no 
change  in  dissolution  rate,  but  the  relaxation  rate  is  probably  so  slow 
that  the  effect  on  dissolution  is  negligible.  With  sufficient  aging, 
these  samples  would  also  be  expected  to  show  a  decrease  in  dissolution 


rate 


CONCLPSIOHS 


In  order  to  gain  a  fundamental  understanding  of  the  kinetics  of 
resist  dissolution,  it  is  imperative  that  each  processing  step  leading  to 
the  ultimate  development  be  scrutinized.  Previously,  the  effect  of 
softbake  cooling  rate,  the  high  temperature  sensitivity  of  the 
dissolution  process  and,  to  some  extent,  the  effect  of  molecular  weight 
dispersity  were  often  ignored.  Our  study  has  shown  that  these  parameters 
dramatically  affect  the  dissolution  process. 

The  effect  of  cooling  rate  was  found  to  be  of  particular  importance 
since  E  and  the  molecular  weight  exponent,  A,  were  found  to  vary  by  as 

much  85J  depending  on  the  cooling  rate.  In  particular,  A  was  0.98  for 
air  quenched  and  1.8  for  slowly  cooled  monodisperse  polymer  samples. 
PMMA  of  broad  MWD's  was  found  to  dissolve  at  a  faster  rate  than 
monodisperse  samples  of  the  same  Mq.  For  air  quenched,  monodisperse 

samples,  the  dissolution  rate  was  found  to  vary  with  the  molecular  weight 
to  the  -0.98  power.  At  relatively  low  temperatures  and  for  short  periods 
of  time,  the  effect  of  aging  on  PMMA  appears  to  be  minimal.  However,  for 
samples  annealed  at  elevated  temperatures  or  samples  aged  for  a  long 
time,  the  aging  effect  becomes  significant. 
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Table  I.  Sample  Characteristics 
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All  samples  were  obtained  from  Polysciences 
Inc.  except  (•)  which  was  obtained  from 


KTI  Chemicals,  Inc 
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An  In  Situ  Study  of  Dissolution  and  Swelling  Behavior  of 
Poly-(Methyl  Methacrylate)  Thin  Films  in  Solvent/Nonsolvent  Binary  Mixtures 


J.  Manjkow,  J.S.  Papanu,  D.S.  Soong,  D.V.  Hess,  and  A.T.  Bell 
Department  of  Chemical  Engineering 
Dniversity  of  California 
Berkeley,  California  94720 


A  single-element  rotating-polarizer  ellipsometer  (psi-meter)  was  used 
for  in  situ  characterization  of  the  thermodynamic  and  kinetic  behavior  of 
poly-(methyl  methacrylate),  PMMA,  thin  films  (1.2pm)  in  solvent/nonsolvent 
binary  mixtures  of  methyl  ethyl  ketone/isopropanol  (MEK/IPA)  and  methyl 
isobutyl  ketone/methanol  (MIBK/MeOH).  Thermodynamic  effects  were  inferred 
from  equilibrium  behavior  by  the  degree  of  swelling  and  polymer-solvent 
solubility.  A  sharp  transition  between  complete  solubility  and  almost 
total  insolubility  was  observed  in  a  narrow  concentration  range  near  50:50 
(by  volume)  solvent/nonsolvent  for  both  MEK/IPA  and  MIBK/MeOH.  In  the 
insoluble  regime,  the  polymer  was  found  to  swell  up  to  three  times  the 
initial  thickness.  At  50:50  MEK/IPA,  a  temperature  decrease  from  24.  8°C  to 
18.4°C  caused  a  change  from  complete  dissolution  to  combined 


1 


swelling/dissolution  behavior  and  rendered  the  PMMA  film  only  68X  soluble. 
Kinetic  effects  were  determined  by  dissolution  and  penetration  rate 
measurements.  A  constant  penetration  velocity  was  observed  for  almost  all 
compositions  for  both  binary  solvent  mixtures  with  Case  II  transport 
assumptions  providing  good  agreement  with  experimental  results.  For 
MEK/IPA,  penetration  rates  increased  with  increasing  MEK  concentration. 
For  MIBK/MeOH,  however,  a  maximum  was  observed  at  60:40  MIBK/MeOH. 


nrracpocTiOM 


In  the  fabrication  of  integrated  circuits  (IC's),  development  of 
exposed  resists  often  involves  the  use  binary  solvent  mixtures  which 
typically  consist  of  a  strong  solvent  and  a  moderating  nonsolvent  [1]. 
The  effects  these  solvent/nonsolvent  developers  exert  on  the  swelling  and 
dissolution  behavior  of  resists  are  complex  and  their  interpretation  has 
generally  been  accomplished  by  noting  the  topographical  profiles  of  the 
device.  Distorted  geometries  often  arose  due  to  excessive  swelling 
during  dissolution.  Clearly,  as  IC  pattern  sizes  decrease  and  circuit 
density  increases,  swelling  effects  may  become  an  important  resolution 
controlling  factor.  The  ability  to  systematically  monitor,  in  situ, 
simultaneous  dissolution  and  swelling  of  resists  in  solvent  mixtures  can 
provide  insight  into  the  complex  mechanisms  of  resist  development 
processes. 

During  a  development  process,  solvent  penetration  and  resist 
dissolution  are  controlled  by  kinetic  and  thermodynamic  solvent/polymer 
interactions.  In  general,  solvent  mobility  is  primarily  related  to  its 
molecular  size  whereas  thermodynamic  compatibility  is  associated  with  the 
strength  of  the  interactions  between  structural  groups  of  both  polymer 
and  solvent  molecules  [2]. 

in  approximate  measure  of  thermodynamic  compatibility  is  given  by 
the  solubility  parameter,  6 [3] .  Complete  polymer-solvent  miscibility 


occurs  when  the  6  's  of  polymer  and  solvent  do  not  differ  by  more  than 
4.00  MPa  for  systems  in  which  nonpolar  forces  are  the  dominant 
interaction  [4].  A  'three-dimensional •  solubility  parameter  model  that 
accounts  for  hydrogen  bonding  and  polar  interactions  as  well  has  also 
been  described  [5,6]. 

Another  measure  of  polymer-solvent  compatibility  is  given  by  the 
Flory-Huggins  interaction  parameter,  Xjji  where  the  subscripts  refer  to 
pair  interactions  in  multi-component  systems  [7].  Typically,  complete 
polymer-solvent  miscibility  is  expected  for  X^XO.S  [8],  Values  of  X  i  j 
for  some  polymer-solvent  systems  can  either  be  found  in  the 
literature  [9]  or  roughly  calculated  from  solubility  parameters  [5,8]. 
Unfortunately,  tabulated  values  for  polymer  solubility  parameters  can 
range  widely  [10]  and  data  for  Xjj  are  somewhat  limited  [9], 

Solvent  or  nonsolvent  diffusion  in  glassy  polymers  is  often 
characterized  by  a  constant  penetration  velocity  [11,12].  This 
non-Fickian  behavior,  termed  Case  II  diffusion  [ 1 3 ] »  is  controlled  by 
polymer  relaxation  and  is  characterized  by  a  front  of  constant  penetrant 
composition  that  invades  the  glassy  polymer  at  a  constant  rate.  For 
nonsolvent  penetration,  concentration  in  the  solvent  swollen  gel  layer 
remains  constant  and  the  mass  uptake  is  linear  with  time  [11,14].  In  the 
case  of  strong  solvents,  the  gel  layer  rapidly  dissolves  into  the  solvent 
and  its  thickness  is  typically  not  detectable.  Thus  with  strong 
solvents,  Case  II  diffusion  gives  rise  to  a  constant  dissolution 
rate  [12]. 


These  two  limiting  cases  of  total  gel  conversion  in  nonsolvent 
mixtures  and  'immeasurable*  gel  formation  in  strong  solvents  are 
presented  to  illustrate  the  extremes  in  expected  behavior.  At 
intermediate  conditions,  it  is  conceivable  that  significant  gel  formation 
could  occur  in  conjunction  with  polymer  dissolution. 

In  this  paper,  effects  of  solvent-nonsolvent  composition  on  the 
thermodynamic  and  kinetic  behavior  of  poly-(methyl  methacrylate),  PMMA, 
thin  films  (1.2(jm)  will  be  examined  in  situ  using  a  single-element 
rotating-polarizer  ellipsometer  (psi-meter).  Thermodynamics  will  be 
expressed  in  terms  of  polymer  solubility  while  kinetics  will  be 
represented  as  solvent  penetration  rates.  A  preliminary  interpretation 
of  data  displaying  simultaneous  swelling  and  dissolution  behavior  will  be 


given 


Materials 


A  commercial  PMMA  electron-beam  resist  (6  weight  percent  in 

chlorobenzene)  was  obtained  from  KTI  Chemicals,  Inc.  The  heterogeneity 

index  (M  /M  )  of  the  resist  was  determined  by  gel  permeation 
w  n 

chromatography  to  be  2.8  with  a  number  average  molecular  weight,  M^,  of 
180,000  [15].  The  binary  solvent  mixtures  were  methyl  ethyl 

ketone/isopropanol  (MEK/IPA)  and  methyl  isobutyl  ketone/methanol 
(MIBK/MeOH).  Based  on  solubility  parameter  data  [16,17],  MEK  and  MIBK 
are  solvents  for  PMMA,  whereas  the  alcohols  are  nonsolvents. 

Procedures 

The  resist  solution  was  spin-coated  onto  silicon  wafers  at 
approximately  1500  RPM.  The  samples  were  softbaked  at  160°C  for  one  hour 
in  a  nitrogen  purged,  convection  oven  and  then  quenched  in  ambient. 
Thickness  measurements  were  made  with  a  Sloan  Dektak  Profilometer  and 
confirmed  with  an  Applied  Materials  AME-500  manual  ellipsometer.  The 
average  thickness  of  these  softbaked  films  was  1.2  p.m.  Solutions  of 

MEK/IPA  or  MIBK/MeOH  were  circulated  through  an  optical  cell  [18]  at 

about  25  ml/min.  This  gave  an  inlet  velocity  of  80  cm/min  and  an  average 

channel  velocity  of  5.2  cm/min  based  on  the  inlet  tubing  and  cell  cross 
sectional  areas,  respectively.  Above  25  ml/min,  turbulence  resulted 
which  caused  significant  fluctuations  in  the  optical  signal.  Reducing 


the  flow  rate  below  25  ml/min  did  not  alter  the  dissolution  rates, 
suggesting  external  mass  transfer  limitations  to  be  relatively 
unimportant  under  such  operating  conditions.  The  cell  temperature  was 


maintained  to  ±0.1°C  with  a  Yellow  Springs  Instrument  Co.,  Inc,  Model  72 
Proportional  Temperature  Controller. 

Rate  Measurement 

In  our  studies,  a  modified  version  [18]  of  the  psi-meter  described 
earlier  [19»20]  was  used  for  in  situ  monitoring  of  dissolution  and 
swelling  rates.  A  psi-meter  is  a  single-element  rotating-polarizer 
ellipsometer  which  modulates  the  polarization  of  an  incident  laser  beam 
and  measures  the  Intensity  fluctuation  of  the  reflected  light.  The  ratio 
of  the  AC  to  DC  component  of  the  reflected  intensity  is  related  to  the 
optical  parameter,  4*  »  by  AC/DC  =  -00324*  [21].  For  these  experiments,  a 
2  mW  He-Ne  laser  (wavelength  632.8  nm)  was  used.  The  angle  of  incidence 
was  75°.  Values  of  AC/DC  were  collected  continuously  at  a  rate  of  one 
point  per  second. 

Various  diffusion  models  were  incorporated  into  a  modified 
ellipsometry  program  [22]  to  produce  theoretical  values  of  AC/DC  versus 
time,  which  were  then  compared  to  experimental  results.  This  program 
required  the  physical  parameters  of  the  psi-meter  and 
polymer-solvent-nonsolvent  system  such  as  wavelength,  angle  of  incidence, 
and  refractive  indices  of  the  substrate,  film,  and  immersion  medium.  An 
Abbe  refractometer  was  used  to  correlate  the  mixture  refractive  index 
with  the  composition  of  MEK/IPA  or  MIBK/MeOH  binary  developer. 
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RESULTS  &KQ  DISCUSSIOB 


MEK/IPA  -  Composition  Effect 

Figure  la  is  an  AC/DC  trace  for  a  1.2  ^m  PMMA  film  immersed  in  40:50 
MEK/IPA  at  24.8°C.  Thickness  measurements  at  the  completion  of  the  run 
indicated  that  less  than  2 %  of  the  PMMA  dissolved  at  these  conditions. 
Hence,  the  change  in  AC/DC  signal  in  Figure  la  is  due  primarily  to 
swelling  effects,  i.e.  solvent  penetration  with  very  little  polymer 
dissolution.  For  a  Case  II  transport  model,  the  penetration  velocity  Is 
simply  the  ratio  of  the  initial  thickness  of  the  glassy  polymer  to  the 
total  time  of  penetration.  Determination  of  the  gel  layer  composition 
during  penetration  is  not  as  straightforward.  To  do  so,  a  gel  layer 
composition  must  be  assumed  and  the  resulting  predicted  AC/DC  behavior 
compared  to  experimental  results.  Consistent  with  Case  II  diffusion,  the 
composition  profile  in  the  gel  layer  is  assumed  flat. 

Figure  1b  shows  a  predicted  plot  of  AC/DC  versus  time  for  Case  II 
penetration  assuming  no  polymer  dissolves,  a  gel  layer  composition  of 
36{  PMMA  and  a  penetration  velooity  of  43.5  nm/mln.  Also  shown  in 
Figure  1b  are  the  relative  positions  of  the  solvent/gel  and  gel/glass 
Interfaces  at  various  times  during  the  swelling  process  assuming  the 
volumes  of  polymer  and  solvent  are  Ideally  additive.  Since  virtually  no 
PMMA  dissolved,  the  final  thickness  of  the  gel  layer,  based  on  the  gel 
composition,  is  about  three  times  the  initial  thickness.  The  good 


agreement  between  predicted  and  experimental  AC/DC  behavior  supports  the 
Case  II  diffusion  assumption.  Differences  in  the  AC/DC  amplitude  between 
Figure  la  and  1b  may  be  attributed  to  the  2 %  loss  of  polymer. 

A  1.2  ^m  PMMA  film  dissolved  completely  after  four  minutes  in  80:20 
MEK/IPA.  The  AC/DC  trace  is  shown  in  Figure  2a.  The  regular, 
oscillatory  AC/DC  behavior  is  indicative  of  a  constant  dissolution  rate 
without  significant  gel  formation.  An  example  of  AC/DC  indicating  gel 
formation  will  be  presented  below.  A  predicted  AC/DC  curve  for  a 
penetration  rate  of  310  nm/min,  assuming  no  gel  layer  is  present,  is 
shown  in  Figure  2b.  Also  shown  are  interfacial  positions  at  selected 
times.  The  insignificant  gel  formation  and  Case  II  penetration 
assumptions  are  supported  by  the  good  agreement  between  Figures  2a  and 
2b. 

The  data  presented  thus  far  illustrate  AC/DC  behavior  for  distinctly 
different  solubility  regimes  at  two  selected  compositions,  that  is, 
complete  dissolution  in  80:20  MEK/IPA  and  primarily  swelling  in  40:60 
MEK/IPA.  Between  these  dissolution  and  swelling  regimes,  anomalous 
diffusion  was  observed  over  a  narrow  concentration  range.  For  MEK/IPA  at 
24.8°C,  this  narrow  transition  range  (NTR)  was  found  experimentally  to 
extend  from  45:55  to  50:50  MEK/IPA.  Since  it  has  been  shown  [23]  that 
polymer  solubility  decreases  with  increasing  molecular  weight (MW)  and 
decreasing  temperature,  the  width  and  position  of  this  NTR  would  be 
expected  to  be  functions  of  both  temperature  and  polymer  MW.  To 
illustrate  these  effects,  ternary  phase  diagrams  will  be  constructed  from 
polymer  phase  equilibria  theory  for  different  MW's  and  temperatures. 


Phase  Equilibria 


Given  the  Flory  interaction  parameters  (X^)  and  the  molar  volumes 
(v^)  of  nonsolvent,  solvent  and  polymer,  a  binodal  curve  of  a  ternary 
phase  diagram  can  be  constructed  by  equating  the  chemical  potentials  (h^) 
in  both  phases  for  each  component  i  [7].  Equations  for  n  in  terms  of 
X^  and  v^  are  available[7]. 

Figure  3  lo  a  ternary  phase  diagram  for  a  nonsolvent(l),  solvent(2), 
polymer (3)  system  for  X  23=°'  X12=X13=1’  v1=v2=100  cm  /mol  and  polymer 

5 

MU  =  2x10  .  The  selected  X^j'a  are  approximate  values  for  the 

IPA/MEX/PMMA  system  calculated  from  solubility  parameters  [8,16,17].  The 

chosen  MV  is  the  measured  M  of  the  KTI  resist. 

n 

In  Figure  3,  points  A  and  B  correspond  to  two  hypothetical  overall 

compositions  representative  of  our  operating  conditions,  i.e.  polymer 

-5 

fractions  of  about  10  .  Point  A  lies  within  the  single  phase  region,  and 

hence,  the  resist  material  dissolves  completely  into  the  developer 
solution  (as  was  seen  for  80:20  MEK/IPA).  Point  B  lies  within  the  two 
phase  region.  Although  not  discernible  in  Figure  3,  the  calculated 
polymer  fraction  in  the  polymer-poor  phase  is  much  less  than  10~^. 
Therefore,  this  phase  would  consist  overwhelmingly  of  nonsolvent  and 
solvent.  The  other  phase  in  equilibrium  with  B  has  a  composition 
represented  by  point  B'  (located  at  the  opposite  end  of  the  tie  line). 
This  implies  that  at  a  developer  composition  given  by  point  B,  the  resist 


would  not  dissolve  but,  Instead,  would  absorb  solvent  and  nonsolvent  from 
the  developer  solution  until  the  equilibrium  swollen  gel  composition 
given  by  B'  is  reached.  From  B',  the  resulting  final  thickness  of  the 
swollen  gel  can  be  calculated  assuming  the  volumes  of  nonsolvent,  solvent 
and  polymer  are  Ideally  additive.  For  the  hypothetical  point  B,  this 
final  swollen  gel  thickness  is  approximately  three  times  the  initial 

glassy  polymer  thickness.  (This  result  is  similar  to  that  obtained  for 
40:60  MEK/IPA) .  When  the  overall  system  composition  lies  near  the 
binodal  curve,  complex  dissolution  behavior  might  be  expected.  To 
illustrate  this  point  more  clearly,  the  region  enclosed  by  the  dashed 
lines  in  Figure  3  is  shown  in  detail  in  Figures  4  and  5. 

Figure  4  shows  the  binodal  curve  at  very  low  polymer  concentrations 
5  5 

for  MW's  of  2x10  and  5x10  which  correspond  approximately  to  Mq  and 
of  the  KTI  resist  (X^  and  vA  are  the  same  as  for  Fig  3).  Assuming,  for 
the  purpose  of  discussion,  that  the  resist  MW  range  lies  entirely  between 
these  two  MW's,  a  developer  composition  given  by  point  A  in  Figure  4 

would  completely  dissolve  the  resist.  Likewise,  at  a  developer 

composition  given  by  point  B,  the  resist  would  be  completely  Insoluble 
and  swell  to  an  extent  dictated  by  thermodynamics.  At  developer 
composition  C,  however,  the  lower  MW  chains  in  the  resist  would  be 
soluble  while  the  higher  MW  chains  would  be  insoluble,  thereby 
fractionating  the  resist  by  molecular  weight.  At  equilibrium,  the 

remaining  film  would  be  of  higher  Mq  than  the  starting  material.  For 
this  particular  set  of  conditions,  the  NTR  would  extend  only  from  46:54 
to  47:53  solvent/nonsolvent  (see  Fig  4).  For  the  idealized  case  of  a 


monodisperse  polymer  NTR  would  shrink  to  a  single  composition 

and  the  polymer  sample  would  either  completely  dissolve  or  remain 
completely  insoluble  for  any  given  solvent/nonsolvent  composition.  The 
polymer  MW  range  of  the  KTI  resist  (Mw/Mn=2.8)  obviously  extends  well 

above  M  and  well  below  M  .  Hence,  the  NTR  of  the  KTI  resist  would  be 

w  n 

much  broader  than  that  indicated  in  Figure  In  fact,  experimental 
results  have  shown  the  NTR  of  the  KTI  resist  to  be  approximately  five 
times  greater. 


Although  not  strictly  accurate  [9,24],  x  can  be  assumed  to  be 
inversely  proportional  to  temperature  as  a  first  approximation  [8,25]. 
Hence,  the  temperature  effect  on  phase  equilibria  could  be  indirectly 
demonstrated  by  selecting  appropriate  X12  values.  In  this  study,  the 
temperature  ranged  from  24.8°C  to  18.4°C.  Taking  X^2  equal  to  1.0  at 
24.8°C,  X12  approximately  equals  1.02  at  18.4°C.  binodal  curves  for  these 
values  are  shown  in  Figure  5,  which  is  a  detailed  plot  of  the  same 
composition  region  as  presented  in  Figure  4.  Here,  the  binodal  curves 

C 

are  drawn  for  a  single  MW  (Mq=2x10  )  and  two  different  X^2»s  ^*12=*13’ 
X2g=0  as  before). 

Consider  a  developer  composition  given  by  point  A  in  Figure  5.  At 
24.8°C  (X12=1.0),  the  resist  material  completely  dissolves.  At  18.4°C 
(Xi2=1*02),  however,  this  same  developer  composition  would  only  swell  the 
resist.  This  sharp  transition  between  total  swelling  and  complete 
dissolution  for  such  a  small  temperature  change  is  a  direct  consequence 
of  the  assumed  monodisperse  nature  of  the  resist  for  this  hypothetical 
case.  For  a  more  realistic  case  (resist  not  monodisperse),  a  band  of 
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binodal  curves  representing  a  broader  MUD  is  'shifted'  by  a  given 
temperature  change  (A  combination  of  Figs  A  and  5).  If  this  band  of 
binodal  curves  is  made  to  pass  through  the  developer  composition  (by 
altering  the  temperature ,  for  instance)  varying  amounts  of  polymer  will 
be  made  soluble  or  insoluble  depending  on  the  relative  'shift'  of  these 
curves . 


MHC/IPA  -  Temperature  Effect 

To  investigate  the  effect  of  temperature  on  KTI  resist  solubility 
and  dissolution  behavior  in  the  NTR,  samples  were  immersed  in  developer 
compositions  of  50:50  MEK/IPA  at  24.8°C,  21.7°C  and  18.4°C. 

At  24.8°C,  PMMA  dissolved  completely  in  50:50  MEK/IPA.  At  21.7°C, 
however,  15}  of  the  resist  was  found  to  be  insoluble  and,  at  18.4°C,  as 
much  as  65}  was  Insoluble.  These  decreases  In  solubility  due  to  a 
decrease  in  temperature  are  consistent  with  the  observations  in 
Figures  4  and  5.  The  fact  that  the  polymer  does  not  completely  dissolve 
is  most  likely  due  to  the  relatively  broad  MUD  of  the  KTI  resist  and 
suggests  that  the  resist  material  is  undergoing  MU  fractionation  due  to 
the  relative  solubilities  of  the  higher  and  lower  molecular  weight 
polymer  chains.  For  a  solvent  with  marginal  dissolution  capabilities 
(e.g.,  50:50  MEK/IPA),  a  decrease  in  dissolution  temperature  will  cause  a 
greater  proportion  of  the  higher  MU  chains  to  become  insoluble. 
Therefore,  at  18.4°C,  the  Mq  of  the  polymer  remaining  on  the  substrate  at 
equilibrium  would  be  higher  than  that  of  the  original  PMMA  sample.  At 


-  13 


v^,  *. 


I 


21.7°C,  M  of  the  equilibrated  film  would  be  even  higher.  At  24.8  C,  the 
n 

entire  range  of  MW  is  soluble.  The  AC/DC  curves  for  these  temperatures 
are  shown  in  Figure  6. 


The  dissolution  behavior  observed  at  80:20  MEK/IPA  is  not  strictly 
obeyed  for  50:50  MEK/IPA  at  21.7°(Fig  6B).  Case  II  swelling  appears  to 
dominate  during  the  first  five  minutes  of  the  run  followed  by  what 
appears  to  be  nearly  'pure*  dissolution.  This  conclusion  is  based  on  the 
general  behavior  of  the  AC/DC  signal  for  the  'pure*  swelling  and  'pure' 
dissolution  extremes. 


Data  interpretation  for  18.4°C  (Fig  6C)  is  much  more  difficult  due 
to  the  numerous  oscillations  in  the  AC/DC  trace.  It  should  be  noted  that 
these  oscillations  are  reproducible  from  run-to-run.  Furthermore,  when 
the  sample  was  left  in  the  solvent  for  two  additional  hours,  no  further 
gel  removal  was  observed,  Indicating  that  equilibrium  had  been  reached 
after  42  minutes.  Based  on  the  data  presented  thus  far,  Case  II  swelling 
appears  to  have  dominated  during  the  first  12  minutes.  Dissolution 
appears  to  have  dominated  between  25  and  42  minutes  and  would  account  for 
about  90J  of  the  PMMA  removed  during  the  entire  run.  Bence,  the 
anomalous  behavior  between  12  and  25  minutes  must  be  due  primarily  to 
swelling  effects  or  large  gel  composition  changes.  These  observations 
can  be  explained  in  terms  of  the  MW  fractionation  effect  described 
earlier. 


For  50:50  MEX/IPA  at  18.4  C,  only  the  lower  end  of  the  MWD  is 
soluble.  In  the  initial  stages  of  penetration  (0  to  12  min),  diffusion 
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Insoluble  higher  MW  chains  so  relatively  little  dissolution  can  occur  and 

therefore,  swelling  becomes  the  primary  effect  observed.  After  the 

polymer  swells  to  a  sufficient  extent  (12  min),  mobility  of  the  shorter 

chains  is  increased.  These  shorter  chains  can  then  migrate  to  the 

surface  and  diffuse  into  the  solvent.  Initially  this  dissolution  is 

slow,  resulting  in  changes  in  the  gel  phase  composition  and,  hence, 

producing  'anomalous'  AC/DC  behavior  (12  to  25  min).  At  some  point 

(25  min),  steady  state  between  penetration  and  dissolution  is  reached 

resulting  in  'regular'  AC/DC  dissolution  behavior.  After  all  lower  MW 

chains  have  diffused  into  the  solvent  (42  min),  equilibrium  is  attained 

and  no  changes  in  the  AC/DC  signal  are  observed.  An  Insoluble  gel  layer 

remains  on  the  substrate  surface  with  a  M  higher  than  that  of  the 

n 

starting  material. 


MIBK/MeOH  -  Composition  Effect 

Experiments  similar  to  those  described  for  MEK/IPA  were  performed 
for  MIBK/MeOH.  Figure  7  shows  AC/DC  at  24.8°C  for  40:60  and  75:25 
MIBK/MeOH.  These  results  show  Case  II  behavior  similar  to  the  MEK/IPA 
mixtures;  l.e.,  virtually  no  dissolution  in  40:60  MIBK/MeOH  and  total 
dissolution  in  75:25  MIBK/MeOH.  The  NTR  occurred  between  40:60  and  50:50 


MIBK/MeOH  which  is  similar  to  the  NTR  found  for  MEK/IPA.  However,  unlike 
MEK/IPA,  deviations  from  standard  Case  II  transport  kinetics  were 
observed  at  MeOH  concentrations  of  95?  and  higher.  At  these  MeOH 


concentrations,  there  appeared  to  be  an  acceleration  of  the  penetration 
rate  relative  to  Case  II  predictions  (Super  Case  II).  The  details  of 
this  accelerated  behavior  are  reported  elsewhere  [18]. 

Summary  of  Kinetics 

Figure  8  summarizes  the  effect  of  solvent  composition  on  the 
penetration  and  dissolution  rates  of  PMMA  for  MEK/IPA  and  MIBK/MeOH  at 
24.8°C.  For  MEK/IPA  (Fig  8a),  the  penetration  rate  rises  gradually  from 
zero  at  100$  IPA  to  about  70  nm/min  at  the  NTR.  Above  the  NTR  the 
penetration  rate  rises  more  rapidly  to  an  upper  limit  of  410  nm/min. 
There  is  essentially  no  dissolution  until  the  NTR  is  reached.  In  the 
NTR,  dissolution  rises  rapidly  and  becomes  equal  to  the  penetration 
rate.  The  region  enclosed  by  these  two  curves  represents  the  solvent 
composition  range  in  which  considerable  gel  growth  is  encountered. 

MIBK/MeOH  (Fig  8b)  displays  a  somewhat  different  kinetic  behavior. 
Unlike  MEK/IPA,  there  is  significant  penetration  of  the  pure  nonsolvent. 
This  difference  is  probably  due  to  the  smaller  size  of  the  MeOH  molecule 
which  enables  it  to  pry  into  the  glassy  matrix  more  freely  than  IPA.  The 
dissolution  and  penetration  rates  reach  a  maximum  just  above  NTR  and 
decrease  above  about  75$  MIBK  with  pure  solvent  (100$  MIBK)  actually 
yielding  the  slowest  penetration  rate.  Hence,  it  can  not  be  assumed  that 
increasing  the  nonsolv«nt  concentration  in  the  developer  solution  would 
necessarily  reduce  the  dissolution  rate. 

The  Increase  in  dissolution  rates  for  intermediate  compositions  of 


I 


MIBK/MeOH  may  be  attributed  to  the  small  size  of  the  MeOH  molecule  which 
permits  rapid  penetration.  The  observed  enhancement  of  penetration  rates 
due  to  the  presence  of  kinetically  mobile  species  has  been  observed 
previously  [12]. 

Summary  of  Thermodynamics 

The  effect  of  developer  composition  on  thermodynamic  behavior  could 
be  summarized  most  effectively  by  representing  equilibrium  data  in  a 
ternary  phase  diagram.  Unfortunately,  the  psi-meter  is  Incapable  of 
distinguishing  the  individual  concentrations  of  solvent  and  nonsolvent  in 
the  swollen  gel.  (The  psi-meter  'sees'  only  their  combined  swelling 
effect).  However,  the  amount  of  polymer  in  the  gel  is  known  (from 
thickness  measurements)  and  the  extent  of  swelling  is  calculable 
(assuming  volumes  of  each  component  in  the  gel  are  Ideally  additive). 
Thus,  the  developer  composition  effect  on  swelling  can  only  be  summarized 
in  terms  of  the  gel  layer  polymer  fraction,  P  . 

A  swelling  factor,  S,  can  be  defined  as  the  ratio  of  gel  thickness 
at  equilibrium  (h  )  to  initial  resist  thickness  (hQ).  Assuming  the 

volumes  of  polymer,  solvent  and  nonsolvent  are  ideally  additive  and  no 

a 

polymer  dissolves,  S  is  simply  the  reciprocal  of  P  . 

h  1 

S  =  -  =  - 1  (1) 

h  P 

o 

Defining  the  thermodynamic  effect  in  terms  of  S  is  useful  for  studies 


dealing  with  small  geometries  such  as  the  features  in  IC's. 


Pigure  9  summarizes  the  effect  of  developer  composition  on  resist 
swelling  and  solubility  for  MEK/IPA  and  MIBK/MeOH.  For  MEK/IPA  (Fig  9a), 
S  rises  almost  linearly  from  a  value  of  one  (no  swelling)  at  100?  1PA  to 
about  three  at  the  NTR.  Above  the  NTR,  S  =  0  since  all  the  polymer 
dissolves  at  equilibrium.  MIBK/MeOH  (Fig  9b)  shows  a  similar  trend  with 
S  rising  from  1.4  at  100?  MeOH  to  about  3  at  the  NTR. 

Figure  9  suggests  that  for  a  given  developer  composition  near  the 
NTR  in  the  one  phase  region,  a  slight  decrease  in  the  relative  strength 
of  the  developer  (e.g.  lower  solvent  to  nonsolvent  ratio,  lower 
temperature,  higher  MV  resist)  may  bring  about  sizable  swelling  of  the 
resist.  In  addition,  S  reaches  its  maximum  value  in  the  NTR,  indicating 
that  when  this  region  is  crossed,  the  effect  of  swelling  can  be  most 
severe. 
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This  study  demonstrates  the  usefulness  of  the  psi-meter  in 
determining  thermodynamic  and  kinetic  behavior  of  thin  polymeric  films  in 
solvent/nonsolvent  mixtures.  For  MEK/IPA,  the  penetration  velocity  was 
constant  and  could  be  adequately  modeled  as  Case  II  transport.  The  same 
was  true  for  MIBK/MeOH  for  MeOH  concentrations  up  to  about  95  volj.  For 
the  MEK/IPA  system  the  penetration  rate  was  found  to  increase  with 
increasing  solvent  to  nonsolvent  ratios.  However,  for  MIBK/MeOH,  a 
maximum  in  penetration  rate  was  observed  for  an  intermediate  composition 
of  about  75:25  MIBK/MeOH.  This  effect  was  believed  to  be  due  to  the 
ability  of  the  relatively  small  MeOH  molecule  to  penetrate  and  'open-up* 
the  polymer  network. 

The  psi-meter  also  allowed  the  sharp  transition  between  the 
thermodynamically  controlled  swelling  and  dissolution  regimes  to  be 
mapped  out.  At  2A.8°C,  for  both  MEK/IPA  and  MIBK/MeOH,  this  transition 
occurred  at  about  50:50  solvent/nonsolvent.  At  this  composition,  a 
decrease  in  temperature  caused  greater  insolubility  over  a  wider  range  of 
MW.  This  fractionation  was  believed  to  yield  insoluble  films  of  higher  Mq 
than  the  original  polymer.  During  fractionation,  AC/DC  data  suggested  a 
period  of  initial  swelling  followed  by  anomalous  behavior  and  finally, 
dissolution.  This  induction  period  for  dissolution  was  attributed  to 
hindered  diffusion  of  the  soluble,  shorter  polymer  chains  due  to  the 
presence  of  Insoluble,  longer  chains. 
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FIGURE  CAPTIONS 


Figure  1.  a)  AC/DC  data  for  PMMA  in  40:60  MEK/IPA  at  24.8°C. 
b)  Predicted  AC/DC  behavior  assuming  Case  II  transport  with  no 
dissolution  for  a  gel  composition  of  36f  PMMA  and  a  penetration  rate  of 
43.5  nm/min.  Relative  positions  of  the  solvent/gel  and  gel/glass 
interfaces  are  shown  for  selected  times. 

Figure  2.  a)  AC/DC  data  for  PMMA  in  80:20  MEK/IPA  at  24.8°C. 
b)  Predicted  AC/DC  behavior  assuming  Case  II  transport  with  no 
significant  gel  formation  and  a  penetration  velocity  of  310  nm/min. 
Relative  positions  of  the  solvent/glass  interface  are  shown  for 
selected  times. 

Figure  3-  Ternary  phase  diagram  for  a  nonsolvent( 1 ) ,  solvent(2), 
poiymer(  3)  system  taking  x^  5  0  »ad  X12  =  1.0;  MW  =  2x10^.  (The 

region  enclosed  by  the  dashed  lines  is  shown  in  detail  in  Figures  4  and 

5). 

Figure  4.  Detail  of  Figure  3  for  X12  5  1*0  and  polymer  molecular 
weights  of  2  x  10^  and  5  x  10^.  These  values  are  the  approximate  Mq  and 
M^  of  the  KTI  Resist.  (X^  *  X  1  X^2^  as  iD  figure  3). 


Figure  5.  Detail  of  Figure  3  for  a  polymer  molecular  weight  of  2  x  10 
and  X^2  equal  to  1.0  and  1.02.  For  -  1*00  at  24.8°C,  X12  ~  1.02  at 
18.4°C  assuming  all  other  parameters  are  held  constant.  (X^  =  X  ^ 2 » 
X22  =  0  as  in  Figure  3). 

Figure  6.  AC/DC  data  for  PMMA  in  50:50  MEK/IPA  at  a)  24.8°C,  b)  21.7°C 
and  c)  18.4°C. 

Figure  7.  AC/DC  data  at  24.8°C  for  PMMA  in  a)  40:60  MIBK/MeOH  and  b) 
75:25  MIBK/MeOH. 

Figure  8.  Penetration  and  dissolution  rates  of  PMMA  as  a  function  of 
solvent  concentration  at  24.8°C  for  a)  MEK/IPA  and  b)  MIBK/MeOH. 

Figure  9.  Swell  factor  (S)  as  a  function  of  solvent  concentration  at 
24.8°C  for  a)  MEK/IPA  and  b)  MIBK/MeOH.  S  is  the  ratio  of  the  gel 
thickness  at  equilibrium  to  the  initial  PMMA  thickness  (1.2  pm). 
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